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Secondary current of Prandtl's second kind in a turbulent flow along a sharp corner edge - Main 
flow direction from foreground to background 
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ABSTRACT 
Channels with streamwise ribs have been studied for decades in chemical engineering, 
environmental and sanitary engineering, aeronautics, astronautics, biology and geology. Some 
designs have been used for close to a century in water treatment plants. Longitudinal ribs along 
channel walls have been successfully tested for the increased heat and mass transfer rates. In 
alluvial channels, long-lasting three-dimensional large-scale turbulent vortices may yield the 
development of longitudinal ridges on the mobile bed with preferential sediment transport in 
between. Herein a detailed hydrodynamic study was conducted in an asymmetrical rectangular 
channel equipped with a sidewall streamwise rib. Both free-surface, velocity and boundary shear 
stress measurements showed strong secondary currents of Prandtl's second kind. The sidewall rib 
and channel asymmetry contributed to very-strong secondary motion, associated with turbulent 
dissipation. A key feature of the channel design was the provision of a well-defined highly-
turbulent low-velocity zone (LVZ) beneath the rib. The configuration might be applied to hydraulic 
structure design, but uttermost care must be considered. A number of practical considerations 
showed major technical challenges, and in many instances, alternative designs should be preferred, 
particularly in hydraulic structures. Altogether this detailed investigation demonstrated how the 
introduction of a seemingly simple streamwise shape, i.e. square rib, may induce a major change in 
hydrodynamic properties, in comparison to a simple rectangular channel flow. 
 
Keywords: Open channel hydrodynamics, Sidewall streamwise rib, Vane, Guide, Secondary flows, 
Asymmetrical rectangular flume, Physical modelling, siltation. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
B channel width (m): B = 0.5 m in the present study; 
b free-surface width (m); 
CChézy Chézy coefficient (m1/2/s); 
DH hydraulic diameter (m): DH = 4A/Pw; 
Do constant: Do = D1 + D2; 
D1 constant: D1 = 5; 
D2 constant function of roughness type and characteristics; 
d water depth (m); 
dc critical flow depth (m); 
d1 inflow depth (m); 
E specific energy (m); 
Fr Froude number; for a rectangular channel: Fr = V/(gd)1/2; for an irregular channel: 
 VFr Ag b


 
f Darcy-Weisbach friction factor; 
fskin skin friction factor measured with a Prandtl-Pitot/RPT tube lying on the bed; 
fs friction factor for smooth turbulent flows; 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
H total head (m); 
hb triangular baffle height (m); 
hR height (m) of longitudinal rib; 
ks equivalent sand roughness height (m); 
L channel length (m); 
Lb longitudinal spacing (m) between baffles; 
Lt turbulent length scale (m); 
lR breadth (m) of longitudinal rib; 
Mo Morton number; 
N velocity power law exponent; 
 number of dimensional variables; 
nGM Gauckler-Manning coefficient (s/m1/3) for flow resistance in open channel; 
P pressure (Pa); 
Pw wetted perimeter (m); 
Q water discharge (m3/s); 
Re Reynolds number defined in terms of the hydraulic diameter: Re = VmeanDH/; 
rR radius (m) of curvature of longitudinal rib edges; 
Sf friction slope; 
 vi 
So bed slope: So = sin; 
Tt turbulent time scale (s); 
V velocity (m/s); 
Vb velocity (m/s) measured by a Prandtl-Pitot/RPT tube lying on the bed; 
Vc critical flow velocity (m/s); 
Vmax maximum velocity (m/s); 
Vmean cross-sectional mean velocity (m/s): Vmean = Q/A; 
V1 inflow velocity (m/s); 
Vx longitudinal velocity component (m/s); 
v instantaneous velocity fluctuation (m/s); 
v' velocity fluctuation (m/s); 
x longitudinal distance (m) positive downstream; 
xb longitudinal baffle position (m); 
YVmax transverse distance (m) where Vx = (Vmax)M; 
y transverse distance (m) measured from the right sidewall positive towards the left 
sidewall; 
y' transverse distance (m) along the corner bisector; 
y" transverse coordinate (m) following the wetted perimeter, with y" = 0 at the bottom 
right corner; 
ZR vertical elevation (m) of longitudinal rib bottom above the channel bed; 
ZVmax vertical elevation (m) where Vx = Vmax; 
z vertical distance (m) positive upwards with z = 0 at the invert; 
z' transverse distance (m) normal the corner bisector; 
z" distance (m) normal to the bed; 
zo bed elevation (m); 
 
 angle between bed slope and horizontal; 
 boundary shear stress calibration coefficient for the roving Preston tube; 
 von Karman constant:  = 0.4; 
 velocity measurement calibration coefficient for the roving Preston tube; 
 dynamic viscosity (Pa.s) of water; 
 vorticity (s-1); 
 angle between bed slope and horizontal; 
 water density (kg/m3); 
 surface tension (N/m) between air and water; 
 Reynolds shear stress (Pa); 
o boundary shear stress (Pa); 
o)skin local skin friction boundary shear stress (Pa) measured with a Prandtl-Pitot/RPT tube 
lying on the bed; 
Ø diameter (m); 
 vii 
 
Subscript 
c critical flow conditions; 
M cross-sectional maximum value; 
max maximum value in a vertical profile; 
R rib characteristics; 
s smooth turbulent flow; 
skin skin friction; 
x longitudinal component; 
y transverse component; 
y' transverse component along the corner bisector; 
z vertical component; 
z' transverse component normal the corner bisector; 
1 upstream flow conditions; 
 
Superscript 
(1) dynamic pressure reading; 
(2) piezometric pressure reading; 
 
Abbreviations 
ADV acoustic Doppler velocimeter; 
AEB advanced engineering building; 
AMCA Air Movement and Control Association; 
ASCE American Society of Civil Engineers; 
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers; 
GVF gradually-varied flow; 
ID internal diameter; 
LDV laser Doppler velocimetry; 
LPVZ low positive velocity zone; 
LVZ low velocity zone; 
OD outside diameter; 
PVC polyvinyl chloride; 
RHS rectangular hollow structural section; 
RPT roving Preston tube; 
s second; 
UQ the University of Queensland. 
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1. INTRODUCTION 
1.1 PRESENTATION 
Channels with longitudinal ribs have been studied for decades in chemical engineering, 
environmental and sanitary engineering, aeronautics, astronautics, biology and geology. Designs 
have been used for close to a century in water treatment plants (RANDTKE and HORSLEY 2012), 
and the idea is not novel. Figure 1-1 shows examples in hydraulic structures with ribs and Figure 1-
2 presents typical geometries tested in the literature. 
Streamwise ribs along channel walls have been successfully tested for the increased heat transfer 
rate (NAIK et al. 1999, CHANG et al. 2008) and mass transfer in chemical engineering (STAMOU 
2008). The longitudinal ribs increase the wetted perimeter and the surface contact area with the 
fluid. A related design was developed for biological filtration (ROO 1965). Longitudinal ribs and 
beams are used in a number of stages of water treatment plants, e.g. maze flocculator, high-rate 
clarification tube settler, sedimentation basin with plate settlers, sludge clarifier (DEGREMONT 
1979, RANDTKE and HORSLEY 2012). In settling tank and sediment basin decant systems, 
longitudinal ribs and vanes are designed to minimise large-scale turbulence and to maximise the 
settling processes. Similar designs are also used on stormwater treatment systems and combined 
sewers (FNDAE 1988). 
In alluvial channels, long-lasting three-dimensional large-scale turbulent vortices may yield the 
development of longitudinal troughs and ridges on the mobile bed with preferential transport of bed 
particles along troughs (NEZU and NAKAGAWA 1984, SHVIDCHENKO and PENDER 2001). 
Longitudinal ridges and runnels were also reported in intertidal zones (CARLING et al. 2009) (Fig. 
1-3). Related observations include massive scour features, with longitudinal ridges and grooves, and 
streamlined bar forms, in debris flows on Planet Mars (TANAKA 1999). In turbulent boundary 
layers, longitudinal ribs and their configuration have a major impact on secondary flow motion, as 
well as tertiary and quaternary flows (HWANG and LEE 2018). The existence of large secondary 
vortex structures is related to the relative spanwise spacing of the beams (VANDERWEL and 
GANAPATHISUBRAMANI 2015). 
Small-scale streamwise ribs, also called V-groove riblets, can produce consistent net drag reduction, 
when the appropriate groove spacing yields a reduction in viscous drag by displacing longitudinal 
vortices away from the wetted surface, thus reducing their intensity (BUSHNELL and McGINLEY 
1989, CHOI et al. 1993). Riblet drag reduction has been successfully used in aerofoils and aircrafts. 
The scales of fast swimming sharks have fine longitudinal ridges, comparables to grooves and 
riblets, that reduce the flow resistance of a surface, enabling drag reduction and faster swimming 
(NITSCHKE 1983). A related application is the flow past seal fur, achieving drag reductions of up 
2 
to 12%, due to the streamwise fur pattern (ITOH et al. 2006). 
In addition to the literature on longitudinal rib/vane/beam/riblet, there are a very extensive scientific 
literature on transverse/cross-beams in mechanical, aeronautical, chemical, civil and environmental 
engineering (e.g. MORRIS 1955, ADACHI 1964, KNIGHT and MACDONALD 1979, DJENIDI et 
al. 1999). 
 
  
(A) Longitudinal vanes downstream of Hinze dam stepped spillway (Australia) - Left: view from 
downstream on 14 October 2016 with arrows pointing to the turning vanes; Right: spillway 
operation above the vanes, looking downstream for Q = 340 m3/s, with arrow pointing to the 
submerged vanes 
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(B) Guiding vanes on Chinchilla weir spillway (Australia) on 6 April 2018 - Top: general view of 
the spillway with arrows pointing to the vanes; Bottom: details of a longitudinal vane 
 
(C) Transverse ribs in a river bend in South-Western Taiwan on 8 December 2017, looking 
upstream - The devices are designed to reduce the risks of river bend shifting 
Fig. 1-1 - Longitudinal and transverse ribs in hydraulic structures 
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Fig. 1-2 - Cross-sectional sketches of channels with longitudinal ribs 
 
 
Fig. 1-3 - Longitudinal ridges in a tidal channel in Bretagne (France) - The watch in the foreground 
gives the scale 
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1.2 STRUCTURE OF THE REPORT 
Recent biological tests suggested that a streamwise rib might facilitate the upstream passage of 
small body-mass fish species (WATSON et al. 2018). The purpose of the present hydrodynamic 
investigation is to characterise the role of longitudinal rib on the flow field in a rectangular channel, 
like a standard box culvert barrel, and to gain some fundamental understanding of the implications 
in terms of turbulence and potentially upstream fish passage. 
Physical experiments were undertaken under controlled flow conditions in laboratory, with a 
sidewall square rib installed along a 15 m long 0.5 m wide rectangular flume. The observations 
were conducted for a range of flow conditions at several locations along and across the channel to 
provide a detailed characterisation of the hydrodynamics. The experimental facility, instrumentation 
and methodology are described in section 2. The main results are presented in sections 3, 4 and 5. 
Appendix A presents a number of photographs of the experimental setup and experiments. 
Appendix B details the velocity measurement calibration with Prandtl-Pitot tube and roving Preston 
tube (RPT). Appendices D to E regroup the main experimental data sets. Appendix F develops the 
critical flow calculations of the ribbed channel. Appendix G details a discussion on secondary 
currents of Prandtl's second kind. Appendix H presents a technical commentary by the senior 
author. 
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2. PHYSICAL MODELLING, EXPERIMENTAL FLUME AND TESTING 
FLOW CONDITIONS 
2.1 PRESENTATION 
In experimental hydraulics, a laboratory study must deliver sound predictions of the full-scale 
prototype structure flow characteristics (HENDERSON 1966, HAMILL 1995, CHANSON 1999). 
Such a study must be developed based upon the basic principles of similitude, to deliver a reliable 
extrapolation for full-scale predictions (RAYLEIGH 1915). The presentation of laboratory data has 
to be relevant to prototype applications, and dimensional analysis is the underlying method to 
deliver the significant design parameters (BERTRAND 1878, ROUSE 1938, LIGGETT 1994). 
In a hydrodynamic investigation, the relevant dimensional parameters encompass the physical 
constants, fluid characteristics, channel properties and inflow conditions. Let us consider the 
simplistic case of a steady turbulent flow in a rectangular asymmetrical channel with a streamwise 
rib sketched in Figure 2-1A. The dimensional analysis gives a series of relationships between the 
steady flow field at a location (x,y,z) and the inflow conditions, channel characteristics, and fluid 
and physical properties: 
  t t 1 s R R R R 1 1 1d,V, v ', ,P,L ,T ,... F x, y, z,B,k , Z ,h , l , r , ,d ,V , v ', , , ,g,....        (2-1) 
where d is the flow depth, V is the local velocity vector, v' is a local velocity fluctuation vector,   
is the Reynolds stress tensor, P is the local pressure, Lt is a local turbulent length scale, Tt is a 
turbulent time scale, x, y and z are respectively the longitudinal, transverse and vertical coordinates, 
B is the channel width, ks is the equivalent sand roughness height of the channel boundary, ZR is the 
elevation of the rib bottom above the channel bed, hR is the height of the rib, lR is the rib breath, rR 
is the radius of curvature of the rib edges (Fig. 2-1A),  is the angle between the bed and horizontal, 
d1 is the inflow depth, V1 and v1' are the inflow velocity and velocity fluctuation respectively,  is 
the water density,  is the water dynamic viscosity,  is the surface tension, and g is the gravity 
acceleration. Note that the flow rate Q does not appear in Equation (2-1) since the continuity 
equation provides a theoretical relationship between the water discharge, cross-sectional averaged 
velocity Vmean and flow cross-section area A: 
 mean x
A
Q V A V dy dz      (2-2) 
with Vx  the longitudinal velocity component 
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(A) Definition sketch looking upstream 
 
(B) Looking upstream at the downstream end of the hollow rib (white arrow) with a pointer gauge 
on the dry channel bed 
Fig. 2-1 - Asymmetrical channel with a streamwise rib along a right sidewall 
 
The -Buckingham theorem (1) states that any dimensional equation with N variables with units 
encompassing mass, length and time may be rewritten into an equation with (N - 3) dimensionless 
parameters (VASCHY 1892, BUCKINGHAM 1914, ROUSE 1938). Thus, Equation (2-1) may be 
expressed as: 
                                                 
1 also called Vaschy-Buckingham theorem after the French engineer Aimé VASCHY (1857-1899) and 
American physicist Edgar BUCKINGHAM (1867-1940). 
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c
x
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s R R R Rx
c c c c c cc
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k Z h l rv ' B , , , , , ,, d d d d d dV F d V v 'P , , , ,g d d Vg d
L V D g, , , ...d
gT , ...d
                       

 (2-3) 
with dc the critical flow depth, Vc the critical flow velocity and DH the hydraulic diameter. Note the 
introduction of the critical flow depth and velocity in Equation (2-3) as the relevant length and 
velocity scales. This approach is common in free-surface flow studies when a Froude similarity is 
applied. In the right handside of Equation (2-3), the 12th, 14th and 15th terms are respectively the 
inflow Froude number Fr1, the Reynolds number Re and Morton number Mo. Since most open 
channel flow studies are undertaken with air and water in both geometrically-scaled channel and 
prototype structure, the Morton number becomes an invariant in Equation (2-3). 
Laboratories studies are undertaken using geometrically similar models. In the scale model, the 
hydrodynamic properties must display similarity of form as well as similarity of motion and forces 
(NOVAK and CABELKA 1984, CHANSON 1999). In the negative, scale effects in terms of the 
parameter(s) of interest occur and the model data extrapolation cannot predict accurately the 
prototype structure performances. In a laboratory scale model, a true similarity is achieved if and 
only if each dimensionless parameter has the same value in both model and full-scale prototype 
structure. 
Considering the flow in an asymmetrical rectangular channel (Fig. 2-1), the above analysis shows a 
large number of relevant parameters. Any true similarity would require to have identical 
dimensionless variables, including Froude, Reynolds and Morton numbers, in both laboratory and at 
full-scale. This is physically impossible in view of the large number of independent parameters in 
Equation (2-3) (Right handside). In the present study, the laboratory experiments were conducted in 
a full-scale facility operating at relatively large Reynolds numbers: 0.6×105 < Re < 2.5×105. 
 
2.2 EXPERIMENTAL FACILITY 
The investigation was conducted in the Hydraulics Laboratory of the Advanced Engineering 
Building (AEB) at the University of Queensland (UQ). Experiments were performed in a 15 m long 
9 
and 0.5 m wide (B = 0.50 m) tilting flume. The bed and sidewalls of the flume were made of PVC 
and glass respectively (Fig. 2-2). The bed of the channel was horizontal, i.e. So = sin= 0 for all 
experiments, thus simplifying Equation (2-3). Upstream of the flume, the water was supplied by a 
2.0 m long 1.25 m wide intake structure, fed by a constant head tank, and equipped with baffles, 
flow straighteners and a three-dimensional convergent leading to the 15 m long flume. The intake 
structure design allowed smooth inflow conditions at the flume's upstream end. At the downstream 
end, the flume ended with a free overfall. 
A 12 m long square rib (hR = lR = 0.050 m), was installed along the right sidewall. The square 
profile had sharp edges: rR = 0 (2). The rib was made of smooth acrylic and it was installed at ZR = 
0.050 m above the bed (3) with an accuracy of ±1 mm over its full length. The longitudinal rib was 
located between x = 1 m and 13 m, where x is the longitudinal distance from the inlet of the flume 
and positive downstream. 
Photographic information on the experimental facility is presented in Appendix A, together with 
further construction details. 
 
2.3 INSTRUMENTATION 
The water discharge was measured using a Venturi meter installed in the water supply line and 
designed according to British standards (British Standard 1943). The percentage of error of the flow 
rate was estimated to be less than 2%. A rail-mounted pointer gauge was used to measure the free 
surface elevation with an accuracy of ±0.5 mm. 
Three velocimeter systems were used. A Prandtl-Pitot tube was used to measure the velocity and 
pressure in the water flow. The Pitot tube was a Dwyer® 166 Series Prandtl-Pitot tube with a Ø3.18 
mm tube made of corrosion resistant stainless steel. It featured a hemispherical total pressure 
tapping (Ø = 1.19 mm) at the tip and four equally spaced static pressure tappings (Ø = 0.51 mm) 
located 25.4 mm behind the tip. The tip design met AMCA and ASHRAE specifications and the 
tube did not require calibration. Further velocity measurements were performed with a roving 
Preston tube (RPT) type C1.6(r) (Fig. 2-3A). The RPT comprised two stainless steel pressure tubes: 
a dynamic pressure tube (1.62 mm OD) with 20 mm upstream projection; and a wake pressure tube 
(1.62 mm OD) directed normal to the boundary surface with a 1 mm clearance (MACINTOSH 
1990, MACINTOSH and ISAACS 1992). Both the Prandtl-Pitot tube and RPT were connected to 
30° inclined manometers, with the manometer tubes opened to the atmosphere. The vertical 
                                                 
2 The rib was made out of acrylic sheets cut with an industrial saw. Careful attention during manufacturing 
and construction was paid to the rib edge sharpness (Appendix A). 
3 The rib dimensions and position were based upon WATSON et al. (2018). 
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translation of the Prandtl-Pitot and RPT probes was controlled by a fine adjustment travelling 
mechanism connected to a HAFCO® digital scale unit. The error on the vertical position of the 
probes was z < ±0.025 mm. The accuracy on the longitudinal position was estimated as x < ±2 
mm. The accuracy on the transverse position of the probe was ±1 mm. 
Additional velocity measurements were performed with an acoustic Doppler velocimeter (ADV) 
NortekTM Vectrino+ equipped with a three-dimensional side-looking head. The ADV unit was 
equipped with one transmitter and four receivers (Fig. 2-3B). The transmitter was placed 0.050 m 
sidewise from the control volume. The data was collected, setting a sampling rate of 200 Hz for 180 
s at each point. The velocity range was ±1 m/s, the transmit length was 0.3 mm and the control 
volume was 1 mm. The ADV signal data were post-processed using the software WinADV. 
Erroneous data with an average correlation of less than 60% and an average SNR less than 5dB 
were removed. In addition, the signal was "despiked" using a phase-space thresholding technique 
(GORING and NIKORA 2002, WAHL 2003, CHANSON et al. 2008) (4). During the processing of 
the data, a rotation angle around the z-axis was applied such that Vy = 0 m/s at the centreline of the 
channel (5). The vertical translation of the ADV unit was controlled by a fine adjustment 
mechanism connected to a MitotuyoTM digimatic scale unit. The error on the vertical position of the 
probes was z < ±0.025 mm. The accuracy on the longitudinal position was estimated as x < ±2 
mm. The accuracy on the transverse position of the probe was about ±1 mm. 
The experiments were documented with a dSLR camera PentaxTM K-3 and a digital camera CasioTM 
Exilim EX-10. 
 
                                                 
4 The percentage of good ADV samples was larger than 45% for all data, ensuring a minimum of 16,200 
good samples at each sampling point. 
5 For a symmetrical channel, basic considerations shows that the time-averaged transverse velocity 
component Vy must be zero at all elevations on the centreline of the channel. Although this condition was not 
strictly correct in the asymmetrical rectangular channel, it enabled a finer adjustment than any other form of 
manual or mechanical correction of the ADV orientation. 
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Fig. 2-2 - General view of experimental flume, streamwise rib (re arrow) and right sidewall with the 
ADV unit in operation at x = 8 m - Q = 0.100 m3/s, flow direction from left to right 
     
(A, Left) Roving Preston tube (RPT) Type C1.6(r) beneath the longitudinal rib (red arrow) - Q = 
0.0556 m3/s, flow direction from left to right 
(B, Right) Acoustic Doppler velocimeter (ADV) with the head facing the right wall, beneath the 
longitudinal rib - Q = 0.100 m3/s, flow direction from left to right 
Fig. 2-3 - Photographs of the roving Preston tube (RPT) and acoustic Doppler velocimeter (ADV) 
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2.4 Instrument calibration 
The Prandtl-Pitot tube provided two readings: the dynamic pressure in the form of the total head 
H(1) and the piezometric head H(2). At a given sampling point, the local time-averaged longitudinal 
velocity component Vx was estimated as: 
 (1) (2)xV 2 g (H H )     Prandtl-Pitot tube  (2-4) 
where H(1) and H(2) are the vertical heads positive upwards, and the gravity acceleration is g = 9.794 
m/s2 in Brisbane. Equation (2-4) derives fundamentally from the Bernoulli principle (ROUSE 1938, 
HENDERSON 1966, CHANSON 2004). 
The roving Preston tube (RPT) provided similarly two readings. A detailed calibration was 
undertaken on the channel centreline by comparing systematically the vertical distribution of 
longitudinal velocity between the Prandtl-Pitot tube and RPT Type C1.6(c) (Appendix B). The 
results showed that, with the RPT, the longitudinal velocity Vx was estimated as: 
 (1) (2)x 1V 2 g (H H )      roving Preston tube Type C1.6(r)  (2-5) 
with  =1.2 derived from a careful calibration, and H(1) and H(2) the vertical heads measured by the 
RPT. 
The Prandtl-Pitot tube and RPT may be used to determine the shear stress at a boundary, i.e. the 
skin friction, in a turbulent channel flow, when the tube is in contact with the wall (PRESTON 
1954, PATEL 1965, MACINTOSH 1990). Based upon dimensional and theoretical considerations, 
the concept has been applied and used in the present study (Appendix B). The calibration of the 
Prandtl-Pitot tube showed that the boundary shear stress data followed closely an analytical solution 
of the Prandt mixing length theory for turbulent boundary layer (CABONCE et al. 2017, 2019): 
 
2
2 b
o skin 2
V( ) N     (2-6) 
where Vb is the velocity measured by the Prandtl-Pitot tube lying on the boundary,  is the von 
Karman constant:  = 0.4, and N = 7 for a smooth turbulent boundary layer (SCHLICHTING 1979, 
LIGGETT 1994). 
The RPT calibration in terms of boundary shear stress was based upon a systematic comparison 
with the Prandtl-Pitot tube across the channel bottom for a range of flow conditions (Appendix B). 
The results indicated that the local boundary shear stress measured with the RPT was estimated as: 
 
2
2 b
o skin 2
V( ) N     (2-7) 
in which Vb is the local velocity measured by the RPT lying on the boundary (Eq. (2-5)), and the 
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coefficient is given in Table 2-1. It is hypothesised that the RPT reading was closely linked to the 
wake flow behind the dynamic pressure tube, which was affected by the Reynolds number and local 
secondary current motion, differing between longitudinal locations, thus leading to a range of 
values for the coefficient . 
 
Table 2-1 - Calibration results of the roving Preston tube (RPT) Type C1.6(r) for boundary shear 
stress measurements: ratio  as a function of experimental conditions 
 
Q 
(m3/s) 
x 
(m) 
 
0.0261 8.0 1.31 
0.0556 1.9 1.18 
0.0556 8.0 1.20 
0.0556 11.9 1.04 
0.100 8.0 1.025 
 
2.5 EXPERIMENTAL FLOW CONDITIONS 
The experiments were performed in the horizontal channel, equipped with a streamwise square rib 
attached to the right sidewall, for a wide range of discharges. Visual observations and free-surface 
measurements were conducted every meter along the longitudinal length of the flume for a range of 
flow rates. Detailed velocity measurements were undertaken for three flow rates: Q = 0.0261 m3/s, 
0.0556 m3/s and 0.100 m3/s. Measurements were repeated for different longitudinal locations (x = 
1.9 m, 8 m and 11.9 m), as well as several transversal locations y, where y is the transversal 
distance from the right sidewall, positive towards the left sidewall. Each vertical velocity profile 
consisted of a minimum of 25 points. In addition, boundary shear stress measurements were 
conducted at each longitudinal location along the entire wetted perimeter, using the Prandtl-Pitot 
tube and RPT lying onto the bed and walls of the channel, including the rib boundaries. Table 2-2 
summarises the experimental flow conditions and the longitudinal position of the instrumentation. 
The present setup is further compared to past physical studies of asymmetrical rectangular channels 
(Table 2-2). Further details are reported in Appendix D. 
 
 
14 
Table 2-2 - Hydrodynamic studies of asymmetrical rectangular channels: detailed velocity measurement experiments 
 
Reference Boundary  Q B x y Flow Instrumentation 
 conditions (°) (m3/s) (m) (m) (m) properties  
Present study Longitudinal rib, ZR 
= 0.05 m, hR = lR = 
0.050 m, along right 
wall 
0 0.0261 0.50 8.0 0.0016, 
0.013, 0.03, 
0.065, 0.08, 
0.165, 0.25, 
0.335, 0.42, 
0.47, 0.4984 
Velocity, pressure Prandtl-Pitot tube, RPT & ADV 
   0.0556 0.50 1.9, 8.0, 11.9 0.0016, 
0.013, 0.03, 
0.065, 0.08, 
0.165, 0.25, 
0.335, 0.42, 
0.47, 0.4984 
Velocity, pressure Prandtl-Pitot tube, RPT & ADV 
   0.100 0.50 8.0 0.0016, 
0.013, 0.03, 
0.065, 0.08, 
0.165, 0.25, 
0.335, 0.42, 
0.47, 0.4984 
Velocity, pressure Prandtl-Pitot tube, RPT & ADV 
CABONCE 
et al. (2019) 
Triangular corner 
baffles, hb = 0.067 m, 
Lb = 0.67m, xb = 8.12 
m, along left wall 
0 0.0261 0.50 8.15, 8.29, 
8.45, 8.63 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
   0 0.0556 0.50 8.15, 8.29, 
8.45, 8.63 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
 Triangular corner 
baffles, hb = 0.133 m, 
Lb = 0.67m, xb = 8.12 
0 0.0556 0.50 8.15, 8.29, 
8.45, 8.63 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
Velocity, pressure Prandtl-Pitot tube 
15 
m, along left wall 0.48 
 Triangular corner 
baffles, hb = 0.133 m, 
Lb =1.33m, xb = 8.12 
m, along left wall 
0 0.0261 0.50 8.15, 8.46, 
8.79, 9.13 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
  0 0.0556 0.50 8.15, 8.46, 
8.79, 9.13 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
WANG et al. 
(2018) 
Rough left wall, 
rough bed, smooth 
right wall 
0 0.0261 0.4785 2.0, 5.0, 8.0 0.05, 0.125, 
0.175, 0.25, 
0.3125, 
0.375, 0.42, 
0.475 
Velocity Prandtl-Pitot tube & ADV (primarily) 
   0.0556 0.4785 2.0, 5.0, 8.0 0.048, 0.12, 
0.167, 0.239, 
0.299, 0.36, 
0.40, 0.455 
Velocity Prandtl-Pitot tube & ADV (primarily) 
 
Notes: x: longitudinal distance from flume's upstream end; y: transverse distance from right sidewall. 
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3. FLOW PATTERNS 
3.1 PRESENTATION 
Basic experiments were conducted for a range of flow rates 0.008 m3/s < Q < 0.100 m3/s, which 
corresponded to a subcritical flow motion. The water depth was larger than the critical flow depth at 
all locations along the ribbed channel (1). Photographic observations, including dye injection 
experiments, are presented in Appendix A. For all discharges, the flow was quasi-uniform at the 
beginning of the channel. Some boundary layer developed with increasing longitudinal distance. 
Detailed velocity measurements, performed at three different longitudinal locations for one flow 
rate (Q = 0.0556 m3/s), showed that the velocity field became fully developed between 2 m < x < 8 
m (section 4). 
Focusing on the open channel flow motion at x = 8 m, the visual observations suggested four flow 
regimes, which are sketched in Figure 3-1: 
 Regime I for d < ZR; 
 Regime II for ZR < d < (ZR+hR); 
 Regime III for d  (ZR+hR); and 
 Regime IV for d >>  (ZR+hR); 
with d the water depth, ZR the rib bottom elevation above the channel bed, and hR the rib height 
(Fig. 3-1). 
Flow regime I was simply a gradually-varied flow (GVF) in a rectangular symmetrical channel and 
the longitudinal rib had no effect on the flow. It was observed for Q < 0.012 m3/s (2). 
Flow regime II was recorded for 0.012 m3/s < Q < 0.035 m3/s. The sidewall rib interacted with the 
upper flow region and the free-surface width was narrower: b = B - lR (Fig. 3-1). Visual 
observations and dye injection suggested that the rib presence shifted the high-velocity flow region 
towards the smooth vertical left sidewall. Beneath the rib, i.e. y < lR and z < ZR, the fluid motion in 
the square cavity tended to be dominated by a secondary motion with an elongated longitudinal 
large-scale eddy. Dye injection hinted limited mixing between the cavity flow and main flow. 
For Q  0.035 m3/s and d  (ZR+hR) (Regime III), the free-surface interacted with the upper face of 
the rib next to the right sidewall. The fluid flow above the rib, i.e. y < lB and z > ZR+hR, was 
                                                 
1 Since the channel is asymmetrical, the critical depth must be derived from the minimisation of the specific 
energy for Q2/(gA3/b) = 1 where Q is the discharge, A is the cross-sectional area, b is the free-surface width 
and g is the acceleration of gravity (HENDERSON 1966, CHANSON 2004). The full derivation is presented 
in Appendix F. 
2 Flow pattern observations at x = 8 m. 
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affected by boundary friction and corner flows, forming a low velocity region. Overall the rib 
tended to shift the main flow, including high-velocity zones, towards the left sidewall. 
At large discharges, i.e. d >>  (ZR+hR) and Q >> 0.035 m3/s (Regime IV), the main flow was little 
affected by the sidewall rib. The fluid flow in the square cavity beneath the right sidewall rib was 
slower than the main flow. Dye injection observations suggested limited mixing between the main 
flow and the cavity region, with relatively long-lasting turbulent eddies in the square cavity. 
 
 
Fig. 3-1 - Definition sketch of flow regimes in an asymmetrical rectangular channel with a 
streamwise rib - Looking upstream for the present configuration 
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3.2 FLOW RESISTANCE 
Free surface measurements were conducted to document the total flow resistance of the channel in 
presence of the streamwise rib. Typical free surface profiles are presented in Figure 3-2A, where x 
is the longitudinal distance from the upstream end of the flume and dc is the critical flow depth 
(Appendix F). The free surface elevation decreased with increasing longitudinal distance, 
corresponding to a steady [H2] gradually varied flow (GVF) profile in the channel section with the 
rib (1 m < x < 13 m). At the downstream end of the rib, the water depth decreased drastically 
because of the change in cross sectional area and sudden flow expansion. 
Free surface measurements were further conducted in a 12 m long 0.5 m wide smooth horizontal 
channel for the flow rates of 0.0261 m3/s and 0.0556 m3/s. The data are compared to observations in 
the ribbed channel in Figure 3-2B. The comparative presentation showed a similar pattern between 
both configurations, albeit with an increase of around 10% in water depth in presence of the 
sidewall rib for an identical water discharge (Fig. 3-2B). 
 
x/dc
d/d
c
0 50 100 150 200 250 300 350 400 450
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
Q=0.008m3/s
Q=0.015m3/s
Q=0.0261m3/s
Q=0.035m3/s
Q=0.0556m3/s
Q=0.100m3/s
 
(A) Longitudinal free surface profiles with sidewall rib - Q = 0.008 m3/s, 0.015 m3/s, 0.0261 m3/s, 
0.035 m3/s, 0.0556 m3/s and 0.100 m3/s 
19 
x/dc
d/d
c
0 20 40 60 80 100 120 140 160 180 200
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
Rib channel
Smooth channel
Londitudinal Rib Q=0.0261m3/s
Smooth Channel Q=0.0261m3/s
Londitudinal Rib Q=0.0556m3/s
Smooth Channel Q=0.0556m3/s
 
(B) Free surface profile comparison between a smooth channel and a channel with sidewall rib 
Fig. 3-2 - Free surface profiles along the centreline in the 15 m long flume 
 
The flow resistance of the ribbed channel was calculated. The Darcy-Weisbach friction factor was 
deduced from the measured free-surface profile and slope of the total head line, i.e. the friction 
slope. The friction slope Sf is related to the Darcy-Weisbach friction factor f by: 
 
2meanf H
VS f 2 g D     (3-1) 
where Vmean is the cross-sectional averaged velocity, g is the gravity acceleration and DH is the 
equivalent pipe diameter (HENDERSON 1966, CHANSON 2004). The Darcy-Weisbach friction 
factor is a dimensionless expression of the average boundary shear stress o in the channel 
(LIGGETT 1994, MONTES 1998): 
 o
2mean
f 1 V8


 (3-3) 
The dimensionless data are reported in Table 3-1 and Figure 3-3, with some detailed discussion in 
Appendix C. 
The results showed that the flow resistance in the ribbed channel was greater than that in a smooth 
rectangular channel for the same flow conditions (Fig. 3-3A). For example, with a Reynolds 
number of 50,000, the friction factor of the ribbed channel was nearly twice the friction factor for a 
smooth turbulent flow. The increased flow resistance was likely caused by strong secondary current 
motion and intense turbulence induced by the rib presence. The associated turbulent dissipation 
contributed to both total head losses and flow resistance. With the streamwise rib, the channel flow 
resistance was best correlated by: 
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 s 6Ref f 0.02775 exp 8.09 10
        4.810
4 < Re  (3-4) 
where fs is the smooth turbulent flow friction factor which may be predicted based upon the 
Karman-Nikuradse formula (ROUSE 1938, CHANSON 2004): 
  10 s
s
1 2.0 log Re f 0.8f      (3-5) 
The present data, as well as Equation (3-4), implied a trend for which the presence of the sidewall 
rib would tend to have a lesser effect on the flow resistance at large discharges and large Reynolds 
numbers. 
Figure 3-3B presents a comparison in terms of flow resistance between the ribbed channel, 
rectangular channels with triangular baffle configurations on the left corner only, and a channel 
with asymmetrical boundary roughness. Compared to other asymmetrical rectangular channel 
configurations, and for similar Reynolds numbers, the friction factor for the longitudinal rib channel 
was lower than most triangular baffle and asymmetrical rough surface configurations (Fig. 3-3B). In 
other words, the ribbed channel configuration seemed to moderately affect the flow resistance, 
when compared to other methods (e.g. baffles, asymmetrical rough surfaces) used to create low-
velocity zones, for example to facilitate biofilm development and enhance contaminant dilution. 
 
Table 3-1 - Darcy-Weisbach friction factor of channel with sidewall square rib (Present study) 
 
Q d d (1) d Re (1) f 
 at x = 5 m at x = 8 m at x = 11 m at x = 8 m  
(m3/s) (m) (m) (m)   
0.008 0.0545 0.0495 0.043 4.89104 0.0405 
0.015 0.0755 0.069 0.061 8.64104 0.0318 
0.0261 0.105 0.0925 0.0825 1.41105 0.0248 
0.035 0.1205 0.1115 0.099 1.69105 0.0230 
0.0556 0.1585 0.1475 0.135 2.46105 0.0205 
0.100 0.211 0.2075 0.183 3.94105 0.0148 
 
Notes: Re: Reynolds number: Re = VmeanDH/; (1): flow properties at x = 8 m. 
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(A, Left) Comparison with the Karman-Nikuradse formula for smooth turbulent flow (Eq. (3-5)) 
and smooth turbulent open channel flow data (WANG et al. 2018, CABONCE et al. 2019) - The rib 
wetting and rib submergence are highlighted with vertical lines 
(B, Right) Comparison with asymmetrical rectangular channel data: asymmetrical roughness 
(WANG et al. 2018) and triangular baffles in left corner only (CABONCE et al. 2019) 
Fig. 3-3 - Darcy-Weisbach friction factor for the streamwise rib channel as a function of the 
Reynolds number - Note the different horizontal and vertical axis scales between the two graphs 
 
Discussion 
For historical reasons, the flow resistance in open channels is sometimes expressed in terms of 
empirical resistance coefficients: the Chézy coefficient CChézy and Gauckler-Manning coefficient 
nGM (HENDERSON 1966, CHANSON 2004). Although the use of such empirical coefficients is 
highly inaccurate and improper for man-made channels (ASCE Task Force 1963, LIGGETT 1975, 
CHANSON 2004), they are still used in practice. For the ribbed channel, the Chézy coefficient 
ranged from 44 m1/2/s to 72 m1/2/s with increasing flow rate, and the Gauckler-Manning coefficient 
decreased from 0.013 s/m1/3 down to 0.009 s/m1/3 for discharges from 0.008 m3/s up to 0.100 m3/s. 
Full results are reported in Appendix C based upon flow properties recorded at x = 8 m. 
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4. TURBULENT VELOCITY FIELD 
4.1 PRESENTATION 
Detailed velocity measurements were conducted in the ribbed channel section, using a combination 
of velocimeters: a Prandtl-Pitot tube, roving Preston tube (RPT) and acoustic Doppler velocimeter 
(ADV). The longitudinal velocity Vx results are presented in this section. All experimental data are 
presented in tabular form in Appendix D. 
The Prandtl-Pitot tube data provided vertical distributions of pressures. At all measurement 
locations, the results showed that the pressure was hydrostatic everywhere. 
In the presence of the sidewall rib, all the longitudinal velocity data showed a consistent pattern. For 
z > 0.1 m (i.e. z > ZR+hR), large velocities were observed about the centreline of the flume as 
illustrated in Figures 4-1 to 4-3, with z the vertical distance from the bed of the flume, ZR the rib 
elevation above the bed and hR the rib height (Fig. 3-1). At lower vertical elevations, the maximum 
longitudinal velocities tended to shift away from the ribbed sidewall, towards 0.5 < y/B < 0.7, 
where y is the transverse distance measured from the right sidewall and B is the internal channel 
width (Fig. 4-2 & 4-3). A similar pattern was reported by CABONCE et al. (2017,2019) for small 
triangular baffles installed in the left corner and by WANG et al. (2018) for a channel with rough 
bed and left sidewall. These experiments were performed in similar 12 m long and 0.5 m wide 
flumes (Table 4-1). Vertical distributions and contour plots of longitudinal velocity are presented in 
Figures 4-1 to 4-3, for Q = 0.0261 m3/s, 0.0556 m3/s and 0.100 m3/s. Figures 4-1 and 4-2 show the 
data at x = 8 m. In Figure 4-1, the blue line represents the water surface. Figure 4-3 presents 
velocity data for Q = 0.0556 m3/s at x = 1.9 m and 11.9 m, i.e. towards the upstream and 
downstream ends of the sidewall rib respectively. 
For one discharge (Q = 0.0556 m3/s), longitudinal velocity measurements at three streamwise 
locations showed a quasi-uniform flow field at the upstream end of the flume, i.e. at 0.9 m from the 
start of the rib, where the boundary layer regions were not fully developed (Fig. 4-3A). At the 
downstream end of the ribbed channel (x = 11.9 m), the velocity distributions were fully-developed, 
with a shape similar to that observed at x = 8 m (Fig. 4-3B). The maximum velocities were closer to 
the smooth left sidewall and low velocity regions were observed in the cavity beneath the rib. The 
longitudinal velocities in the cavity increased by about 20-25% from the upstream end to the 
downstream end of the rib, in line with the increase in cross-sectional averaged velocity Vmean from 
x = 1.9 m to 11.9 m. Some complex velocity pattern was observed near the edges of the rib, 
evidences of strong secondary currents (section 4.5, Appendix G). 
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(A) Q = 0.0261 m3/s (B) Q = 0.0556 m3/s 
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(C) Q = 0.100 m3/s 
Fig. 4-1 - Vertical profiles of longitudinal velocity component Vx (m/s) in the ribbed channel at x = 
8 m - Same legend for all graphs 
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(A) Q = 0.0261 m3/s 
 
(B) Q = 0.0556 m3/s 
 
(C) Q = 0.100 m3/s 
Fig. 4-2 - Contour plots of longitudinal velocity component Vx (m/s) in the ribbed channel at x = 8 
25 
m, looking upstream 
 
 
(A) x = 1.9 m 
 
(B) x = 11.9 m 
Fig. 4-3 - Contour plots for longitudinal velocity Vx (m/s) in the ribbed channel at x = 1.9 m and 
11.9 m for Q = 0.0556 m3/s, looking upstream 
 
A low velocity region was located underneath the sidewall rib, i.e. for z < ZR and y < lR. For Q = 
0.0556 m3/s, the longitudinal velocities in the cavity beneath the rib were about 0.5-0.7 m/s, or 
0.75Vmean, with Vmean is the average cross sectional velocity. Longitudinal velocities below 
0.75Vmean covered around 18% of the cross-sectional area of the flume. Data from experiments 
conducted under similar flow rates by CABONCE et al. (2017,2019) showed longitudinal velocities 
below 0.75Vmean covering areas between 21% and 32%. Experiments conducted by WANG et al. 
(2018) showed a more uniform velocity distribution with maximum velocities shifted away from 
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the rough sidewall. For the same flow rate, around 30% of velocities were below 0.75Vmean. 
Compared to these configurations, the sidewall rib geometry appeared to produce lesser low 
velocity zone areas. 
The longitudinal velocity data showed a phenomenon known as "velocity dip" (Fig. 4-1). Namely, 
the maximum velocity Vmax at each transverse location was located below the free surface ZVmax/d < 
1, where ZVmax is the vertical distance from the bed where Vmax was observed and d is the local flow 
depth. The "velocity dip" is believed to be related to secondary currents and transverse momentum 
exchange (APELT and XIE 2011). Figure 4-4 summarises the present experimental observations. 
The tabular data are reported in Appendix D. Maximum velocities were observed to be functions of 
the transverse location. The maximum velocity Vmax/Vmean data indicated that the largest velocities 
were about the channel centreline and decreased closer to the sidewalls. The decrease in Vmax/Vmean 
was more significant with decreasing transverse distance (1), highlighting some flow asymmetry. 
 
Table 4-1 - Experimental conditions of symmetrical and asymmetrical rectangular open channel 
flow studies: Present study, XIE (1998), WANG et al. (2018), and CABONCE et al. (2017,2019) 
 
Q B x d Vmean Reference 
(m3/s) (m) (m) (m) (m/s) 
Boundary conditions Instrumentation 
0.0261 0.50 8 0.093 0.5885 
1.9 0.166 0.6907 
8 0.147 0.7831 
0.0556 0.50 
11.9 0.127 0.9115 
Present study 
0.100 0.50 8 0.206 0.9950 
Square rib installed along 
the left right sidewall 
0.05 m above the bed  
Prandtl-Pitot tube, RPT, 
ADV 
2 0.151 0.3612 
5 0.142 0.3841 
0.0261 0.4785 
8 0.129 0.4228 
2 0.189 0.5884 
5 0.1903 0.5843 
WANG et al. 
(2018) 
0.0556 0.4785 
8 0.1743 0.638 
Rough bed & rough left 
sidewall  
Prandtl-Pitot tube, ADV 
XIE (1998) 0.015 0.40 8 0.128 0.2930 Uniform rectangular 
channel 
Laser Doppler velocimetry 
(LDV), RPT 
0.0261 0.50 8.15 0.097 - 
0.106  
0.538 - 
0.492 
CABONCE et 
al. (2017,2019) 
0.0556 0.50 8.15 0.164 - 
0.1735 
0.678 - 
0.641 
Triangular baffles: hb = 
0.033, 0.067. 0.133 m, Lb 
= 0.33, 0.67, 1.0, 1.33, 
1.67, 2.0 m (Left corner) 
Prandtl-Pitot tube 
CABONCE et 
al. (2017,2019) 
0.0261 
0.0556 
0.50 8.15 0.096 
0.162 
0.544 
0.686 
Uniform rectangular 
channel 
Prandtl-Pitot tube 
 
Notes: B: internal channel width; d: water depth; Q: water discharge; Vmean: cross-sectional 
                                                 
1 That is, towards the ribbed sidewall. 
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averaged velocity; x: longitudinal distance measured from the upstream end of the channel. 
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(A) Maximum velocity Vmax/Vmean (B) Elevation to the maximum velocity ZVmax/d 
Fig. 4-4 - Transverse distribution of maximum longitudinal velocities and corresponding vertical 
elevations as functions of the transverse distance for the ribbed channel - Same legend for both 
graphs 
 
In average, the dimensionless cross sectional maximum velocity was (Vmax)M/Vmean ≈ 1.14 observed 
at about ZVmax/d ≈ 0.66 and YVmax/B ≈ 0.67. The relative vertical and transversal distance to the 
maximum velocity was close to earlier results in asymmetrical rectangular channels (WANG et al. 
2018, CABONCE et al. 2019). The relative height was also similar to observations in smooth 
channels: ZVmax/d ≈ 0.66  (XIE 1998). 
 
4.2 TRANSVERSE AND VERTICAL FLOW MOTION 
Transverse Vy and vertical Vz velocities were measured using the ADV system. Typical contours 
plots of time-averaged transverse and vertical velocity components are shown in Figure 4-5, based 
upon vertical profiles recorded at x = 8 m and at y = 0.0016 m (2), 0.03 m, 0.065 m, 0.08 m, 0.165 
m, 0.25 m, 0.335 m and 0.42 m. All the results are presented in Appendix D. 
The transverse velocities were about zero near the centreline of the flume, while large transverse 
velocities were observed in the square cavity beneath the rib, indicating the presence of strong 
                                                 
2 At y = 0.0016 m and 0.03 m, measurements were conducted underneath the beam only: 0 < z < 0.05 m. 
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secondary currents. Large transverse velocities were also present next to the rib edges. The 
transverse velocities on the upper external corner of the rib increased with increasing flow rate, and 
weaker secondary currents were observed beneath the rib at the largest discharge.  
The vertical velocity component results indicated similar flow patterns as for the transverse velocity 
data. Strong secondary currents were observed around the rib, extending up to 0.15 m away from 
the right-hand sidewall. Large vertical velocities were also observed next to the left sidewall (Fig. 
4-5B). Although the vertical velocity component was theoretically zero at the water surface, vertical 
velocity data could not be measured when the ADV receivers were above or interfered with the 
water surface. 
Sharp-edged external and internal corners were shown to play a key role of secondary currents 
because a transverse flow was directed towards the corner as a direct result of turbulent shear stress 
gradients normal to the edge bisector (PRANDTL 1952, GESSNER 1973). In the present study, the 
rib sharp edges constituted hydrodynamic discontinuities, because of the sudden change in direction 
in streamlines (KENNARD 1967, MILNE-THOMSON 1968, LAI 1986). 
 
 
(A) Transverse velocity component Vy 
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(B) Vertical velocity component Vz 
Fig. 4-5 - Contour plots of time-averaged transverse and vertical velocity component in the ribbed 
channel - Q = 0.0556 m3/s, x = 8 m 
 
4.3 TURBULENT VELOCITY FLUCTUATIONS 
Detailed velocity fluctuations were recorded using an ADV. Transverse velocity fluctuations are 
discussed in this section, because the vertical and longitudinal velocity fluctuations showed very 
large meaningless data, suggesting possible errors (3). Appendix D presents all results. Typical 
transverse velocity fluctuation data are plotted in Figure 4-6, next to the upstream and downstream 
ends of the ribbed channel section. At the upstream end, the flow was partially-developed and the 
turbulence levels were small to moderate (Fig. 4-6A). The following discussion focused on the 
fully-developed flow region, based upon experimental measurements at x = 8 m and 11.9 m. 
Very large velocity fluctuations were observed near the edges of the ribs, and the findings were 
consistent with strong secondary currents about the same locations (section 4.2). Large turbulence 
levels were observed in the low-velocity cavity region beneath the rib. At low flow rates, the 
velocity fluctuations next to the rib edges were relatively small. At higher flow rates, the turbulent 
fluctuations became very large in the vicinity of the rib edges, as illustrated in Figure 4-6B. 
 
                                                 
3 Errors might have been caused by insufficient seeding of the water reticulation system, as well as the 
proximity of solid boundaries, corners and edges. 
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(A) x = 1.9 m 
 
(B) x = 11.9 m 
Fig. 4-6 - Transverse velocity fluctuations vy' in the ribbed channel - Q = 0.0556 m3/s, x = 1.9 m 
and 11.9 m 
 
4.4 BOUNDARY SHEAR STRESS DISTRIBUTIONS 
Boundary shear stress measurements were performed along the wetted perimeter in the ribbed 
channel, using the Prandtl-Pitot tube and roving Preston tube (RPT) (section 2.4). Figure 4-7 
presents typical distributions of dimensionless (skin friction) boundary shear stress along the wetted 
perimeter at three longitudinal locations, where fskin is dimensionless skin friction shear stress (4) 
                                                 
4 The relationship between skin boundary shear stress and friction factor is: 2skino skin meanf( ) V8   . 
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and f is the dimensionless total boundary shear stress (section 3.2). Figure 4-7A shows the 
definition of the wetted perimeter coordinate y", with the origin being the bottom right corner of the 
flume. In Figures 4-7B and C, the vertical black lines represent physical corners, internal or 
external. The results combined Prandtl-Pitot Tube and RPT data. Note that shear stress 
measurements could not be conducted along the bottom surface of the rib. The full tabular data and 
a short discussion of practical issues are presented in Appendix E. 
The experimental data showed the non-uniform distribution of boundary shear stress along the 
wetted perimeter (Fig. 4-7B and 4-7C). The skin friction boundary shear stress was not 
symmetrically distributed about the channel centreline. Large boundary shear stresses were 
recorded along the faces of the sidewall rib, with maximum shear stresses typically observed on the 
vertical side of the rib and external corners which might be related to local fluid acceleration and 
streamwise vorticity. Such large skin friction shear stresses might suggest a region of strong 
interactions between the main flow, secondary currents and cavity recirculation, in a manner similar 
to observations on heterogeneous transverse roughness (TOMINAGA and NEZU 1991a). 
Along the channel bottom, the skin friction data presented a transverse shape with two dips, 
observed about y/B = 0.4 and 0.85. The bottom profile hinted the existence of two large 
longitudinal vortical structures in the main flow region, plus one longitudinal structure in the cavity 
beneath the rib. Minimum shear stresses were typically observed on the bottom corners of the 
flume. Figure 4-7B shows that the boundary shear stress distribution was more uniform at the 
upstream end of the ribbed channel (x = 1.9 m), where the boundary layer was partially-developed. 
The boundary shear stress became less uniform as the flow developed. The average dimensionless 
boundary shear stress appeared to be little affected by the Reynolds number, but the transverse 
distribution shape changed in response to different rib submergence ratio (Fig. 4-7B). 
In the ribbed channel, the present data showed that the skin friction boundary shear stress was less 
than the total boundary shear stress: i.e., fskin/f < 1 (Fig. 4-7). The skin friction shear stress data were 
integrated along the wetted perimeter, yielding the cross-sectional averaged skin friction boundary 
shear stress: 
 
w
o skin o skin
w P
1( ) ( ) dy"P      (4-1) 
where Pw is the wetted perimeter and y" is the transverse coordinate following the wetted perimeter 
(Fig. 4-7A). The data are summarised in Table 4-2 in terms of the friction factor 
skinf = o skin( ) /(Vmean2/8). Depending upon the flow rate, the ratio of mean skin friction resistance 
to total flow resistance skinf /f ranged from 0.48 to 0.67. The lowest ratio was observed in Regime 
III, when a strong secondary motion was observed below, above and beside the sidewall rib. 
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(A) Wetted perimeter definition along the ribbed channel section, looking upstream - Units: metres 
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(B) Q = 0.0556 m3/s, x = 1.9 m, 8 m and 11.9 m - Vertical lines indicate corners 
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(C) x = 8 m, Q = 0.0261 m3/s, 0.0556 m3/s, 0.100 m3/s (Re = 1.32105, 2.47105, 3.91105 
respectively) - Vertical lines indicate corners 
Fig. 4-7 - Distributions of dimensionless boundary shear stress fskin/f along the wetted perimeter of 
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the ribbed channel - Prandtl mixing length model calculations of the skin friction shear stress 
 
Table 4-2 - Transverse-averaged skin friction boundary shear stress in the ribbed channel 
 
Q B x d Vmean skinf  skinf /f Regime Reference 
(m3/s) (m) (m) (m) (m/s)    
0.0261 0.50 8 0.093 0.5885 0.0145 0.59 II 
1.9 0.166 0.6907 0.0103 0.50 III 
8 0.147 0.7831 0.0098 0.48 III 
0.0556 0.50 
11.9 0.127 0.9115 0.0108 0.52 III 
Present 
study 
0.100 0.50 8 0.206 0.9950 0.0098 0.67 IV 
 
Note: Regime: flow regime as defined in Figure 3-1. 
 
4.5 A DISCUSSION ON SECONDARY FLOWS 
In rectangular channels, secondary flows originate at the channel boundaries because of turbulence 
anisotropy. They are referred to as secondary currents of Prandtl's second kind (PRANDTL 
1926,1952, PERKINS 1970). Secondary flows are directed at right angle with the main stream 
direction and redistribute momentum across the channel (NAOT and RODI 1982, BRADSHAW 
1987, RODRIGUEZ and GARCIA 2008). In a channel corner, a transverse flow is initiated and 
directed towards the corner as a direct result of turbulent shear stress gradients normal to the 
bisector (GESSNER 1973). The interactions between the transverse shear gradient along the corner 
bisector and longitudinal flow motion induce energy losses, which must be compensated by some 
transverse flow, bringing a net influx of energy in control volumes along the corner bisector (Fig. 4-
8). 
The production of turbulence-induced secondary currents in a straight open channel flow may be 
explained by the longitudinal vorticity equation (TOMINAGA et al. 1989). The longitudinal 
vorticity equation in fully-developed turbulent flow is given as (GERARD 1978): 
   2 22 2 2' 2 ' 2x x x xz y z y y z2 2 2 2V V v v v vz y z y y z z y                                  (4-2) 
where x is the vorticity component in the x-direction: 
 y zx
V V
z y
      (4-3) 
and  and  are the fluid density and dynamic viscosity. In Equation (4-2), the first term on the 
right-hand side is the vorticity production terms, and the last term is a viscous term, often neglected 
except very close to the wall. After re-arrangement, one found that the structure of the secondary 
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current is determined by the distribution of (vy'2 - vz'2) (GERARD 1978, TOMINAGA et al. 1989). 
The transverse distribution of the difference of normal stresses (vy'2 - vz'2) plays an essential role, as 
pointed out by EINSTEIN and LI (1956) and PERKINS (1970). When the convection and diffusion 
terms are small compared to the production term, Equation (4-2) may reduce to (GERARD 1878): 
  2 2 2' 2 ' 2z y y z2 2v v v v 0z y y z             (4-4) 
Secondary currents develop spontaneously in turbulent flows, particularly when the term (vy'2 - vz'2) 
has values different from zero. This may be expected to occur near the frictional boundary where 
the lines of constant velocity are not parallel (EINSTEIN and LI 1956). In open channels, unstable 
and instantaneous secondary currents are present in the form of longitudinal vortices (JACKSON 
1976, NEZU 2005). More stable secondary motion may be generated in cavity flow, as sketched in 
Figure 4-9 (bottom right corner). In turn, a prediction of secondary motion in a ribbed channel may 
be derived based upon basic turbulence theoretical considerations (GESSNER 1973, NAOT and 
RODI 1982, MONTES 1998). 
 
 
Fig. 4-8 - Secondary current in corner flows: internal corner (Left) and external corner (Right), 
looking downstream 
 
Secondary circulation of Prandtl's second kind may be found in channel cross-sections with abrupt 
spatial variations in boundary conditions (TOMINAGA and NEZU 1991a,b, UIJTTEWAAL 2014), 
such as sharp corners between bed and sidewall, in the sidewall rib(s), and between sidewall and 
free-surface. When a lateral variation of near-wall velocity/boundary shear stress exists, secondary 
flows are induced and non-uniform distribution of boundary shear stress may be observed. The 
magnitude of secondary flow does not increase with the size of the roughness, but instead depends 
on the non-uniform distribution of the roughness elements (YANG et al. 2012). One sees that the 
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ribbed channel configuration, sketched in Figure 4-9, may be conducive to the development of 
strong secondary currents, associated with high-turbulence low-velocity regions beneath and above 
the sidewall rib.  
 
 
Fig. 4-9 - Predicted secondary circulation in a ribbed channel, looking downstream - Undistorted 
sketch for Q = 0.100 m3/s 
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5. DISCUSSION 
5.1 LOW VELOCITY REGIONS 
The turbulent losses in the ribbed channel were essentially regular losses, in a manner comparable 
to the study of WANG et al. (2018) in a channel with rough bed and left sidewall. The present 
investigation showed a complicated turbulent flow field in the ribbed channel. Intense secondary 
currents were observed, yielding regions of contrasted longitudinal velocities, i.e. high and low 
velocity regions. The lowest velocities were typically recorded underneath the sidewall rib (section 
4.1). 
The detailed velocity data were used to quantify the relative size of low velocity zones (LVZs), 
associated with each flow rate and location. Figure 5-1 presents the results. Tabular data are 
reported in Table 5-1. Figure 5-1 shows the fraction of wetted cross-sectional area where the ratio 
of longitudinal velocity to mean velocity was: Vx/Vmean < 0.3, 0.5, 0.75 and 1. Overall, the 
percentage of flow area where Vx/Vmean was less than 0.3 was less than 3%. The relative flow area 
where Vx/Vmean < 0.75 ranged from 16% to 25%. The results suggested drastic changes in low 
velocity zone (LVZ) sizes depending upon the definition of LVZ and the velocity target. The results 
were overall little affected by the discharge and longitudinal location, within the experimental 
conditions. 
The present results were compared to earlier studies in similar-size rectangular channel (WANG et 
al. 2018, CABONCE et al. 2019) (Fig. 5-1B). The ribbed channel configuration provided 
substantially smaller low velocity zones, for the same flow rates, than the rough channel 
configuration (Fig. 5-1B. black symbols). Further comparison with smooth flume data showed 
comparable LVZ sizes in smooth rectangular flume and ribbed channel. A key difference however 
was the well-marked highly-turbulent LVZ beneath the sidewall rib (1), for all flow conditions. 
 
5.2 APPLICATION TO HYDRAULIC STRUCTURES 
The longitudinal sidewall rib configuration provided a fascinating turbulent flow field, with well-
defined low velocity zones (LVZs). Such a configuration might be applied to hydraulic structure 
designs, e.g. for the growth of biofilms, enhancement of contaminant mixing in streams or the 
upstream passage of fish in culverts and fish passes. Practically, several issues might affect its 
operation. A number of technical challenges could be linked to the design, manufacturing and 
installation of the rib, while other would be related to operational considerations. 
 
                                                 
1 sketched in Figure 4-9. 
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(A, Left) Effect of longitudinal location x for Q = 0.0556 m3/s 
(B, Right) Effect of water discharge at x = 8 m - Comparison with the asymmetrical rough channel 
data of WANG et al. (2018) (black symbols) and smooth channel data (CABONCE et al. 2019) 
Fig. 5-1 - Fractions of low velocity regions where Vx/Vmean is less than a set value, for different 
discharges and longitudinal locations 
 
The secondary motion in the ribbed channel led to a complicated fluid dynamics. The strongest 
secondary currents were generated in the corner regions, i.e. external and internal corners associated 
with the regions of sharpest curvature, while their effects were seen in most parts of the channel 
(section 4.5). The secondary currents of Prandtl's second kind have a marked impact on the flow 
resistance of the channel, as previously reported (KENNEDY and FULTON 1965). Herein the 
secondary flow turbulent dissipation induced a 30% reduction in discharge capacity for a given 
afflux, on average for the experimental flow conditions (Table 2-2). 
The preferred manufacturing of a ribbed channel would be in factory, to ensure that the rib position 
and alignment are within specifications. In the present study, the rib was installed with an error on 
the longitudinal rib height less than 1 mm over the entire 12 m. In-situ installation of the rib would 
not meet the same standards, leading possibly to a substantially different flow field, with adverse 
impact on the channel operation and function. More, any in-situ installation, e.g. for retrofitting, 
would only be feasible in relatively wide channels: B > 1.5 m with internal height greater than 1.5 
m. 
The present study was conducted with a sharp-edge rib, because sharp edges and corners constitute 
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well-known hydrodynamic discontinuity, conducive of strong secondary currents (KENNARD 
1967, VALLENTINE 1969, GESSNER 1973, CHANSON 2014). Any rounding of the edges or 
corner would modify significantly the secondary current motion, impacting the whole turbulent 
flow field. The present results would not be valid for a rib with rounded corners. 
The present tests were undertaken with a 0.050.05 m2 square rib, positioned immediately above a  
0.050.05 m2 square cavity. The low velocity zones (LVZs) were primarily located in the square 
cavity beneath the sidewall rib. During operation, such a cavity would only be suitable to small-
body fish, shorter than 0.05 m. A practical consideration is the risk of siltation and sedimentation. 
The accumulation of solid particles beneath the rib could lead to a partial or complete blockage of 
the low velocity regions, because the cavity flow is slow and below current guidelines for self-
cleaning (QUDM 2013). Larger debris, including rocks, branches, trees, could also become jammed 
beneath the rib, obstructing the square cavity and reducing further the channel discharge capacity. 
Finally, large boundary shear stresses were observed on the side of the rib (section 4.4), as well as 
large velocity fluctuations near the edges of the rib. During operation, the rib corners might be 
subjected to abrasion, leading to some rounding over time. The effects of abrasion, i.e. the resulting 
corner rounding, would change the concentration of shear stresses and velocity fluctuations around 
the sidewall rib, and in turn the flow field in the cavity beneath the rib. 
In summary, the application of sidewall rib to hydraulic structures must be considered with 
uttermost care. A number of practical considerations showed major technical challenges during 
design, manufacturing, installation and operation. In many instances, alternative designs should be 
preferred and implemented, especially at hydraulic structures. For upstream passage of small-
bodied fish, these could include asymmetrically roughened culvert barrel (WANG et al. 2016,2018, 
ZHANG and CHANSON 2018) and barrel equipped with small closely-spaced triangular corner 
baffles (CABONCE et al. 2018,2019), although the optimum type of boundary treatment might be 
closely linked to the targeted fish specie. 
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Table 5-1 - Experimental measurements of proportion of low-velocity zones in smooth (symmetrical) and asymmetrical rectangular channels 
 
Ref So B Q x d Vmean (Vmax)M % flow area with Vx <  
  (m) (m3/s) (m) (m) (m/s) (m/s) Vmean  0.75Vmean 0.5Vmean 0.3Vmean 
0 0.50 0.0261 8.0 0.0925 0.592 0.777 62.8% 16.1% 4.8% 2.1% Present study 
Streamwise rib along right   0.0556 1.9 0.166 0.691 0.77 69.9% 15.5% 4.8% 2.1% 
sidewall    8.0 0.147 0.783 0.903 71.7% 18.5% 6.1% 2.7% 
    11.9 0.128 0.904 1.045 83.7% 25.7% 7.2% 3.0% 
     0.100 8.0 0.205 1.000 1.113 83.4% 18.2% 4.4% 1.9% 
WANG et al. (2018)            
Rough invert 0 0.4785 0.0261 8.0 0.129 0.423 0.755 45% 30% 17% 8.5% 
and rough left sidewall    0.0556 8.0 0.1743 0.667 0.957     
CABONCE et al. (2017,2019)            
Smooth channel 0 0.50 0.0261 8.0 0.096 0.544 0.544 70.8% 36.4% 5.3% 4.6% 
   0.0556 8.0 0.162 0.686 0.686 72.7% 25.9% 10.4% 7.2% 
 
Notes: B: internal channel width; d: water depth; Q: water discharge; So: bed slope; Vmean: cross-sectional averaged velocity (Vmax)M: cross-sectional 
maximum velocity; Vx: longitudinal velocity; x: longitudinal location. 
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6. CONCLUSION 
A detailed hydrodynamic study was conducted in an asymmetrical rectangular channel equipped 
with a sidewall streamwise rib. Both flow visualisations and flow resistance data showed three-
dimensional flow patterns and energy dissipation associated with the rib presence. Strong secondary 
circulation was observed in the "open" cavity beneath the rib (Fig. 6-1). The flow resistance was 
larger than basic skin friction, suggesting in average a 30% reduction in the channel discharge 
capacity for a given afflux. 
Detailed velocity and boundary shear stress measurements showed energetic secondary flows. In 
smooth rectangular channels, secondary flows of Prandtl's second kind play a key role in providing 
low velocity zones (LVZs) next to the corners and next to the sidewalls. In the ribbed channel, 
complicated secondary currents of Prandtl's second kind developed, in particular in the square 
cavity, linked to low-velocity and high-turbulence. The sidewall rib and channel asymmetry 
contributed to some strong secondary motion, associated with turbulent dissipation. A key feature 
of the channel design was the provision of a well-marked highly-turbulence LVZ beneath the 
sidewall rib, for all tested flow conditions. While the overall slow region areas were cumulatively 
relatively small, this cavity flow was a well-defined low positive velocity zone (LPVZ) (Fig. 6-1). 
The longitudinal sidewall rib configuration might be applied to some hydraulic structure design, e.g. 
box culvert barrel, but the application must be considered with uttermost care. A number of 
practical considerations showed major technical challenges, and in many instances, alternative 
designs should be preferred. The rib sharp edges created discontinuities, contributing to enhanced 
secondary current motion in the vicinity of the rib. Sharp edged external and internal corners played 
a key role in the tested design. The results were obtained for carefully-aligned square cavity. Any 
mis-alignment of the rib or rounding of the rib edges might impact adversely the hydrodynamics, 
including in terms the capability of the system, e.g. in terms of heat transfer, upstream fish passage, 
etc. The siltation and sedimentation of the cavity below the rib is another operational issue in 
sediment-laden systems and natural streams. The sidewall rib is only suitable to straight channel. 
Complicated connections would be required at channel transitions, which might negate the benefits 
of the rib, e.g. in terms of upstream fish passage. 
Altogether this detailed investigation demonstrated how the introduction of a relatively simple 
streamwise shape (i.e. square rib) may yield a major change in hydrodynamic properties, in 
comparison to a smooth symmetrical rectangular channel flow. 
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Fig. 6-1 - Definition sketch of recirculation cavity and secondary flows in an asymmetrical canal 
with sidewall streamwise rib 
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APPENDIX A - PHOTOGRAPHS OF EXPERIMENTAL SETUP AND 
EXPERIMENTS 
A.1 PRESENTATION 
New investigations were performed in the Hydraulics Laboratory of the Advanced Engineering 
Building (AEB) at the University of Queensland (UQ). Experiments were conducted in a 15 m long 
and 0.5 m wide (B = 0.50 m) tilting flume. The bed and sidewalls of the flume were made of PVC 
and glass respectively, and the channel bed was horizontal (= 0). Upstream of the flume, the water 
was supplied by a 2.0 m long 1.25 m wide intake structure, fed by a constant head tank, and 
equipped with baffles, flow straighteners and a three-dimensional convergent leading to the 15 m 
long flume. The intake structure design allowed smooth inflow conditions at the flume's upstream 
end. At the downstream end, the flume ended with a free overfall. 
A 12 m long square rib (hR = lR = 0.050 m), was installed along the right sidewall. The square 
profile had sharp edges: rR = 0. The rib was made of smooth acrylic and it was installed at ZR = 
0.050 m above the bed. The sidewall rib was located between x = 1 m and 13 m, where x is the 
longitudinal distance from the inlet of the flume and positive downstream. 
 
Discussion 
During the construction and installation of the rib, careful attention was placed on a number of real-
world issues, including the longitudinal rib square edges, and the positioning and alignment of the 
rib, which could both have a major impact on the hydrodynamic flow field. 
The sharp edges constituted hydrodynamic discontinuity, because of the sudden change in direction 
in streamlines (KENNARD 1967, MILNE-THOMSON 1968, VALLENTINE 1969, CHANSON 
2014). Sharp edged external corners play a key role of secondary currents because a transverse flow 
is directed towards the corner as a direct result of turbulent shear stress gradients normal to the edge 
bisector (GESSNER 1973). Any rounding of the edges would affect the flow field and may alter 
significantly the secondary current motion, because any lateral variation of near-wall 
velocity/boundary shear stress will induce secondary flows and non-uniform distribution of 
boundary shear stress (YANG et al. 2012). The square rib was designed and built with sharp square 
corners. The rib was made out of acrylic sheets cut with an industrial saw. Careful attention during 
manufacturing and construction was paid to the rib edge sharpness. 
The square rib was very carefully positioned with an error of less than 0.5 mm, using a 12 m long 
support made of square hollow RHS profile (50 mm  50 mm) placed on the floor along the right 
corner of the 15 m long channel. The square rib was placed above the RHS profile and glued to the 
glass sidewall. The RHS profile was removed once the silicone glue set. A detailed survey of the 
A-2 
flume showed that the error on the longitudinal rib height was less than 1 mm over the entire 12 m. 
During the course of the project, water seeped into the hollow acrylic rib. On one occasion, at the 
end of an experimental run, the longitudinal rib fell off because of the weight of water held in the 
hollow rib. Afterwards, the rib was drained and cleaned, before being re-installed. Small holes were 
drilled underneath the square acrylic profile, to allow water drainage from the hollow rib after each 
experiment. 
 
A.2 PHOTOGRAPHS OF EXPERIMENTAL FACILITY AND EXPERIMENTS 
 
(A) View of the longitudinal rib and right sidewall with the ADV unit in operation (right) and glass 
tube manometer on the left - Flow direction from left to right 
 
(B) View of the longitudinal rib and right sidewall with the ADV unit in operation - Flow direction 
from left to right 
Fig. A-1 - General views of experimental flume - Q = 0.100 m3/s 
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(A, Left) Detail of the upstream end of the rib 
(B, Right) Looking upstream at the channel with the longitudinal rib along the right wall 
 
(C) Looking downstream at the dry flume with the longitudinal rib along the right sidewall 
A-4 
 
(D) Looking upstream at the dry flume with the longitudinal rib along the right sidewall and 
Prandtl-Pitot tube along the left sidewall 
 
(E) Details of the sidewall rib 
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(F) Detail of the downstream end of hollow rib looking upstream with a pointer gauge on the dry 
channel centreline 
Fig. A-2 - Details of the longitudinal rib installed along the right sidewall 
 
 
(A) Detail of Prandtl-Pitot tube - Q = 0.556 m3/s, Flow direction from right to left 
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(B) Detail of roving Preston tube (RPT) Type C1.6(r) - Q = 0.0556 m3/s 
  
(C) Detail of  acoustic Doppler velocimeter with the head facing the right wall, beneath the 
longitudinal rib - Q = 0.0556 m3/s (Right) and 0.100 m3/s (Left) 
Fig. A-3 - Experimental flume and instrumentation 
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(A) Channel operation for Q = 0.0261 m3/s, looking downstream with the Prantdt-Pitot tube along 
the left sidewall 
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(B) Channel operation for Q = 0.0556 m3/s 
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(C) ADV measurements looking upstream for Q = 0.100 m3/s 
Fig. A-4 - Experimental flume in operation 
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A.3 DYE INJECTION EXPERIMENTS 
 
 
Fig. A-5 - Dye injection experiments, with dye injection beneath the longitudinal rib - Q = 0.008 
m3/s, x = 8 m, flow direction from left to right 
 
 
Fig. A-6 - Dye injection experiments, with dye injection beneath the longitudinal rib - Q = 0.015 
m3/s, x = 8 m, flow direction from left to right 
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Fig. A-7 -Dye injection experiments, with dye injection beneath the longitudinal rib - Q = 0.0261 
m3/s, x = 8 m, flow direction from left to right 
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Fig. A-8 - Dye injection experiments, with dye injection beneath the longitudinal rib - Q = 0.035 
m3/s, x = 8 m, flow direction from left to right 
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(A) Side views through the right sidewall, with flow direction from left to right and dye injection 
beneath the rib 
  
(B) Looking downstream 
Fig. A-9 - Experiments of dye injection, including dye injection beneath the longitudinal rib - Q = 
0.0556 m3/s, x = 8 m 
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(A) Side view through the right sidewall, with flow direction from left to right with dye injection 
beneath the rib 
 
(B) Looking downstream 
Fig. A-10 - Experiments of dye injection, including dye injection beneath the longitudinal rib - Q = 
0.100 m3/s, x = 8 m 
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APPENDIX B - VELOCITY AND BOUNDARY SHEAR STRESS 
MEASUREMENTS: CALIBRATION OF THE PRANDTL-PITOT TUBE AND 
ROVING PRESTON TUBE 
B.1 PRESENTATION 
Experiments were conducted in a 15 m long 0.5 m wide rectangular channel. The channel slope was 
horizontal (So = 0) for all experiments. The water discharge was supplied by a constant head 
reticulation system. The flow rate was measured with a Venturi meter that was designed based upon 
the British Standards (British Standard 1943) and calibrated on site. The percentage of error was 
expected to be less than 2% on the discharge measurement. The water depths were measured using 
rail mounted pointer gauges with an accuracy of ±0.5 mm. 
Velocity and pressure measurements were conducted with a Prandtl-Pitot tube and a Roving-
Preston Tube (RPT). The Pitot tube was a Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm 
diameter tube made of corrosion resistant stainless steel, and featured a hemispherical total pressure 
tapping (Ø = 1.19 mm) at the tip and four equally spaced static pressure tappings (Ø = 0.51 mm) 
located 25.4 mm behind the tip. The tip design met AMCA and ASHRAE specifications, and the 
tube did not require calibration (1). Further measurements were performed with a Roving Preston 
Tube (RPT) Type C1.6(r), which comprised two stainless steel pressure tubes: a dynamic pressure 
tube (1.62 mm OD) with a 20 mm upstream projection; and a wake pressure tube (1.62 mm OD) 
directed normal to the boundary surface with a 1 mm clearance (MACINTOSH 1990, 
MACINTOSH and ISAACS 1992). Figure B-1 presents sketches of a Prandtl-Pitot tube, roving 
Preston tube, and double L-shaped tube system. Figure B-2 presents photographs of the RPT. 
The translation of the Pitot-Prandtl and RPT probes in the vertical direction was controlled by a fine 
adjustment travelling mechanism connected to a HAFCO® digital scale unit. The error on the 
vertical position of the probes was z < ±0.025 mm. The accuracy on the longitudinal position was 
estimated as x < ±2 mm. The accuracy on the transverse position of the probe was less than 1 mm. 
 
                                                 
1 Reference: http://www.dwyer-inst.com/Product/TestEquipment/PitotTubes/Series160. 
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Fig. B-1 - Definition sketches of Prandtl-Pitot tube, roving Preston tube (Type C1.6(c)) and double 
L-shaped tube system 
 
  
(A, Left) RPT with Prandtl-Pitot tube (above) above the water surface, with flow direction from 
bottom right to top left 
(B, Right) RPT facing upstream, with flow direction from left to right 
Fig. B-2 - Photographs of the Roving Preston Tube (RPT) Type C1.6(r) - Blue arrow indicate to the 
flow direction 
 
B.2 VELOCITY AND PRESSURE MEASUREMENTS 
The Prandtl-Pitot tube provided two readings (Fig. B-1 Left). The dynamic pressure reading was the 
total head: 
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2
(1) x
o
VPH zg 2 g      (B-1) 
while the second reading provided the piezometric head: 
 (2) o oPH z (z z )g     (B-2) 
where H(1) and H(2) are the vertical heads positive upwards, P is the pressure,  is the water density, 
g is the gravity acceleration, zo is the bed elevation (positive upwards) and z is the vertical elevation 
of the sampling point, and Vx is the longitudinal velocity component. At a given cross-section and 
at a distance z" measured normal from the channel bed, the local total head H, pressure P, 
longitudinal velocity component Vx and specific energy E are: 
 (1)H H  (B-3) 
 (2) oP H (z z" cos )g       (B-4) 
 (1) (2)xV 2 g (H H )     (B-5) 
 (1) oE H z   (B-6) 
where  is the channel slope, and the gravity acceleration is g = 9.794 m/s2 in Brisbane. The 
estimation of the channel bed elevation zo is usually deduced from the pressure distribution since P 
= 0 (atmospheric pressure) at the free-surface (i.e. z" = d). 
The roving-Preston tube (RPT) provided similarly two readings: the dynamic pressure head H(1) and 
a wake pressure head H(2) (Fig. B-1 Centre). Detailed calibration was conducted on the channel 
centreline by comparing systematically the vertical distribution of longitudinal velocity between the 
Prandtl-Pitot tube and RPT. The final calibration and coefficients were derived from matching the 
depth averaged velocity: 
 
z" d
x x
z" 0
V V dz"


   (B-7) 
with d the measured water depth. Note that z" = z herein since the channel was horizontal. The 
calibration results showed that, with the RPT, the longitudinal velocity Vx was estimated as: 
 (1) (2)x 1V 2 g (H H )      roving Preston tube (RPT) Type C1.6(r)  (B-8) 
uding  =1.2 for the Roving Preston Tube (RPT) Type C1.6(c) (Table B-1). Simply Equation (B-5) 
is not applicable to the RPT and would overpredict the longitudinal velocity by 20% (2). For 
comparison, SIAO (1954) used a velocity meter consisting of two L-shaped tubes (Ø = 1.02 mm), 
                                                 
2For  = 1, Equation (B-8) yields Equation (B-5) valid for a Prandtl-Pitot tube. 
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one facing upstream and one facing downstream (Fig. B-1 Right), to enable both positive and 
negative velocity measurements (3). For this instrument, calibration yielded:  = 1.072 (SIAO 
1954). 
 
Table B-1 - Calibration of the roving Preston tube (RPT) Type C1.6(r) for velocity measurements 
 
Q x 
(m3/s) (m) Eq. (B-8) 
0.0261 8.0 1.224 
0.0556 1.9 1.224 
0.0556 8.0 1.179 
0.0556 11.9 1.166 
0.100 8.0 1.177 
 
B.3 BOUNDARY SHEAR STRESS MEASUREMENTS 
B.3.1 Theoretical considerations 
A Prandtl-Pitot tube may be used to determine the shear stress at a wall (i.e. skin friction) in a 
turbulent boundary layer, when the tube is in contact with the wall (PRESTON 1954, PATEL 
1965). The concept is based upon dimensional and theoretical considerations. 
The calibration of the Prandtl-Pitot tube (4) was conducted in open channel flows in three different 
channel configurations: two rectangular channels in which the velocity data were obtained when the 
tube is in contact with the bed on the channel centreline, and one trapezoidal channel in which the 
boundary velocity was averaged over the entire wetted perimeter (CABONCE et al. 2017,2019). 
The results showed that the calibration data followed closely an analytical solution of the Prandt 
mixing length theory for turbulent boundary layer: 
 
2
2 b
o 2
V
N     (B-9) 
where Vb is the velocity measured by the Prandtl-Pitot tube lying on the boundary,  is the von 
Karman constant ( = 0.4), and N = 7 for a smooth turbulent boundary layer (5) (SCHLICHTING 
                                                 
3 Also ROUSE et al. (1959). 
4 The calibration of a Pitot tube for boundary shear stress measurements is specific to the tube 
(MACINTOSH 1990, CHANSON 2000). CABONCE et al. (2017,2019) used the same Dwyer® 166 Series 
Prandtl-Pitot tube as in the present study. 
5 For an uniform equilibrium flow down a rough open channel, N is related to the flow resistance: N = 
(8/f)1/2 with f the Darcy-Weisbach friction factor and  the von Karman constant ( = 0.4) (CHEN 1990, 
CHANSON 2004). 
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1979, LIGGETT 1994, CHANSON 2014). Equation (B-9) gives an expression of the boundary 
shear stress as a function of the velocity recorded by the Prandtl-Pitot tube lying on the boundary. 
Note that the result is independent of the tube diameter, contrarily to the findings of PATEL (1965) 
and MACINTOSH (1990). 
A different reasoning, assuming that the Prandtl-Pitot tube is within the wall region of a turbulent 
boundary layer, gives a non-linear expression between the boundary shear stress and the 
longitudinal velocity recorded by the tube lying on the boundary (CABONCE et al. 2017): 
 o o b o bz1 Ln D V
                 
 (B-10) 
where zb is the Prandtl-Pitot tube's external radius (6), and Do is an integration constant: Do = D1 + 
D2 = 5 for a smooth boundary (Do = D1 = 5) (SCHLICHTING 1979, SCHETZ 1993). Equation (B-
10) provides a relationship between the velocity Vb measured by the Prandtl-Pitot tube lying on the 
boundary, the boundary shear stress o and the Pitot tube's outer diameter equal to 2zb. It is valid 
within the wall region, i.e. z/ < 0.1 to 0.15 where  is the boundary layer thickness. 
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Fig. B-3 - Calibration of the Prandtl-Pitot tube for boundary shear stress – Comparison with 
Equation (B-9) assuming N = 7 and Equation (B-10) assuming Do = 5 
 
Both Equations (B-9) and (B-10) were compared to re-analysed experimental observations of fully-
developed open channel flows in smooth rectangular flumes (CHANSON 2000, CABONCE et al. 
                                                 
6 That is, zb = OD/2. 
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2017,2019). The comparative results showed a closer agreement between Equation (B-9) and 
experimental observations, as illustrated in Figure B-3. Thus Equation (B-9) was applied herein, as 
well as by CABONCE et al. (2017,2019). 
 
B.3.2 Applications 
Both Prandtl-Pitot tube and roving Preston tube (RPT) were used to estimate the boundary shear 
stress. Measurements were repeated between 0.055 m < y < 0.25 m, by comparing systematically 
the transverse distribution of boundary shear stress between the two instruments. The final RPT 
calibration and coefficients were derived from the transverse-averaged boundary shear stress: 
 
y 0.25m
o o
y 0.055m
dy


     (B-11) 
where o was estimated using Equation (B-9) or (B-10), in which Vb was the longitudinal velocity 
component. The results indicated that the application of Equations (B-9) and (B-10) to the RPT data 
overestimated the boundary shear stress by up to 55%, depending upon the flow rate and 
formulation. 
In practice, the local boundary shear stress measured with the RPT was estimated as: 
 
2
2o RPT b
o 2
o Pitot
( ) V
N( )
     (B-12) 
in which Vb is the true velocity (Eq. (B-8)) with the tube lying on the boundary, and the ratio 
o RPT o Pitot( ) / ( )   is given in Table B-2. 
 
Table B-2 - Calibration of the roving Preston tube (RPT) Type C1.6(r) for boundary shear stress 
measurements: ratio o RPT o Pitot( ) / ( )   as a function of experimental conditions 
 
  o RPT( ) /  o Pitot( )  
Q (m3/s) x (m) Eq. (B-9) Eq. (B-10) 
0.0261 8.0 1.310 1.548 
0.0556 1.9 1.176 1.408 
0.0556 8.0 1.196 1.423 
0.0556 11.9 1.038 1.258 
0.100 8.0 1.025 1.243 
 
Discussion 
Although the calibration experiments were conducted with great care and repeated systematically, 
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the data showed unexpected results in terms of the ratio  = o RPT o Pitot( ) / ( )  . Namely, the ratio  
varied with flow rate and longitudinal location. The RPT data were closely linked to the wake flow 
generated by the dynamic pressure tube, hence a wake pressure tube reading. It is hypothesised that 
the wake flow was affected by the Reynolds number as well as by localised secondary current 
motion, which differed with longitudinal locations. 
 
B.4 ACKNOWLEDGEMENTS 
All the RPT measurements and data processing were undertaken by Pedro X. SANCHEZ as part of 
his CIVL4560 Civil Engineering Project. The data analyses and write-up were undertaken by 
Hubert CHANSON. 
 
C-1 
APPENDIX C - FLOW RESISTANCE IN AN ASYMMETRICAL 
RECTANGULAR CHANNEL WITH SIDEWALL STREAMWISE RIB 
C.1 PRESENTATION 
Free surface measurements were conducted in the Hydraulics Laboratory of the Advanced 
Engineering Building (AEB) at the University of Queensland (UQ). The measurements were 
conducted in a 15 m long and 0.5 m wide flume. A square rib (50 mm  50 mm) was attached to the 
right sidewall at 0.05 m above the channel bed. A pointer gauge was used to measure the free 
surface every meter from x = 2 m to x = 12 m with an accuracy of 0.5 mm, where x is the 
longitudinal distance from the upstream end of the flume. All experimental flow conditions 
corresponded to subcritical flow, since the flow depth was larger than the critical flow depth (1) at 
all locations. 
The flow resistance of the channel was investigated for different flow rates. The Darcy-Weisbach 
friction factor was deduced from the measured free-surface profiles and slope of the total head line, 
also called the friction slope. The friction slope Sf is related to the Darcy-Weisbach friction factor f 
by: 
 
2meanf H
VS f 2 g D     (C-1) 
where f is the Darcy-Weisbach friction factor, Vmean is the cross-sectional averaged velocity, also 
called bulk velocity, g is the gravity acceleration and DH is the equivalent pipe diameter 
(HENDERSON 1966, CHANSON 2004). The hydraulic diameter or equivalent pipe diameter is 
defined as: 
 H w
AD 4 P   (C-2) 
with A the flow cross-section and Pw the wetted perimeter. The Darcy-Weisbach friction factor is a 
dimensionless form of average boundary shear stress since (LIGGETT 1994, CHANSON 2004): 
 o
2mean
f 1 V8


 (C-3) 
The present data are reported in Section C.2. 
 
                                                 
1 Since the channel is asymmetrical, the critical depth must be derived from the minimisation of the specific 
energy for Q2/(gA3/b) = 1 where Q is the discharge, A is the cross-sectional area, b is the free-surface width 
and g is the acceleration of gravity (HENDERSON 1966, CHANSON 2004). Full derivation is developed in 
Appendix F. 
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List of symbols 
A channel cross-section area (m2); 
B channel width (m); herein B = 0.50 m; 
b free-surface width; 
DH hydraulic diameter depth (m); 
d water depth (m); 
dc critical flow depth (m); 
f Darcy-Weisbach friction factor; the Darcy-Weisbach friction is a dimensionless 
boundary shear stress: 
 o 2
mean
8f V
   
fs smooth turbulent flow friction factor; 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
Q water discharge (m3/s); 
Pw wetted perimeter (m); 
Re Reynolds number defined in terms of the cross-sectional averaged velocity and 
hydraulic diameter: Re = VmeanDH/; 
Sf friction slope; 
So bed slope; 
Vmean cross-sectional averaged flow velocity (m/s) positive downstream: 
 Vmean = Q /A; 
x longitudinal distance (m) positive downstream; 
o boundary shear stress (Pa). 
 
C.2 FRICTION FACTOR DATA 
 
Q d d d Re f 
 at x = 5 m at x = 8 m at x = 11 m at x = 8 m  
(m3/s) (m) (m) (m)   
0.008 0.0545 0.0495 0.043 4.89E+4 0.0405 
0.015 0.0755 0.069 0.061 8.64E+4 0.0318 
0.0261 0.105 0.0925 0.0825 1.41E+5 0.0248 
0.035 0.1205 0.1115 0.099 1.69E+5 0.0230 
0.0556 0.1585 0.1475 0.135 2.46E+5 0.0205 
0.100 0.211 0.2075 0.183 3.94E+5 0.0148 
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Fig. C-1 - Darcy-Weisbach friction factor for the ribbed channel as a function of the Reynolds 
number - Comparison with the Karman-Nikuradse formula for smooth turbulent flow and smooth 
turbulent open channel flow data (WANG et al. 2018, CABONCE et al. 2017,2019, FREIRE et al. 
2018) - The rib wetting and rib submergence are highlighted with vertical lines 
 
Discussion 
With longitudinal rib, the channel flow resistance increased compared to smooth turbulent flows, as 
illustrated in Figure C-1. The friction factor data were best correlated by: 
 0.4625.945f Re  4.810
4 < Re < 4105  (C-4) 
 s 6Ref f 0.02775 exp 8.09 10
        4.810
4 < Re  (C-5) 
where fs is the smooth turbulent flow friction factor which may be predicted based upon the 
Karman-Nikuradse formula (SCHLICHTING 1979, CHANSON 2014): 
  10 s
s
1 2.0 log Re f 0.8f      (C-6) 
While Equation (C-4) tended to correlate slightly better with the data, Equation (C-5) implied a 
more physical trend (Fig. C-2) for which the presence of the sidewall rib would be expected to have 
a small effect on the flow resistance at large Reynolds numbers. Equations (C-4) and (C-5) are 
compared to the experimental data in Figure C-2. 
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Fig. C-2 - Darcy-Weisbach friction factor as a function of the Reynolds number: comparison 
between present data and Equations (C-4) and (C-5) 
 
In open channel hydraulics, the Darcy-Weisbach equation is the only theoretically-sound method to 
estimate the flow resistance (ASCE Task Force 1963, CHANSON 2004). For historical reasons, the 
dependence of the velocity on the friction slope is sometimes to empirical resistance coefficients, 
including the Chézy coefficient CChézy and Gauckler-Manning coefficient nGM (CHOW 1959, 
HENDERSON 1966). These coefficients are dimensional and may be related to the dimensionless 
Darcy-Weisbach friction factor as: 
 ézyChC 8 gf
   (C-7) 
 
1/6
H
GM
Df
8 gn 4
       (C-8) 
with g the gravity acceleration and DH the hydraulic diameter.  
The use of empirical coefficients for man-made channels is highly inaccurate and improper: "The 
(Chézy and Gauckler–Manning) equations express our continuing ignorance of turbulent 
processes" (LIGGETT 1975, p. 45); "Flow resistance calculations in open channels must be 
performed in term of the Darcy friction factor" (CHANSON 2004, p. 81-82). Nonetheless, for 
practical reasons, the Chézy coefficient CChézy and Gauckler-Manning coefficient nGM are still used 
and experimental results are reported in Table C-1, based upon flow properties recorded at x = 8 m. 
For the ribbed channel, the Chézy coefficient ranged from 44 m1/2/s to 72 m1/2/s with increasing 
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flow rate, while the Gauckler-Manning coefficient decreased from 0.013 s/m1/3 down to 0.009 s/m1/3 
for discharges from 0.008 m3/s up to 0.100 m3/s. 
 
Table C-1 - Chézy and Gauckler-Manning coefficients for the ribbed channel based upon the flow 
properties recorded at x = 8 m - Comparison with measured Darcy-Weisbach friction factor data 
 
Q d DH f CChézy nGM 
      
(m3/s) (m) (m)  (m1/2/s) (s/m1/3) 
0.008 0.0495 0.165 0.0405 44.0 0.0134 
0.015 0.069 0.170 0.0318 49.7 0.0119 
0.0261 0.0925 0.211 0.0248 56.3 0.0109 
0.035 0.1115 0.244 0.0230 58.4 0.0107 
0.0556 0.1475 0.302 0.0205 61.8 0.0105 
0.100 0.2075 0.380 0.0148 72.9 0.0093 
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APPENDIX D - DETAILED VELOCITY MEASUREMENTS IN AN 
ASYMMETRICAL RECTANGULAR CHANNEL WITH SIDEWALL 
STREAMWISE RIB 
D.1 PRESENTATION 
Detailed velocity measurements were conducted in the Hydraulics Laboratory of the Advanced 
Engineering Building (AEB) at the University of Queensland (UQ). The measurements were 
conducted in a 15 m long and 0.5 m wide flume with a streamwise rib installed on the right sidewall 
for 1 m < x < 13 m, with x the longitudinal distance from the upstream end of the channel. The 
velocity measurements were performed at three different longitudinal locations: x = 1.9 m , 8 m and 
11.9 m for the same flow rate: Q = 0.0556 m3/s to investigate the boundary effects on the velocity 
field. Measurements were also conducted at x = 8 m, where the flow field was fully developed, for 
three different flow rates: Q = 0.0261 m3/s, 0.0556 m3/s and 0.100 m3/s. Detailed longitudinal 
velocity Vx measurements were recorded using a Prandtl-Pitot tube, roving Preston tube (RPT) and 
acoustic Doppler velocimeter (ADV). The vertical Vz and transverse Vy components of the velocity, 
as well as the longitudinal (vx'), transverse (vy') and vertical (vz') velocity fluctuations were 
measured using the ADV system. The experimental flow conditions are detailed in Table D-1, in 
which they are compared to previous physical investigations in comparable asymmetrical 
rectangular channels. Related experiments in smooth experimental channels are listed in Table D-2. 
In the present study, the vertical translation of the instrumentation was controlled by a fine 
adjustment mechanism connected to a digital scale unit. The error on the vertical position of the 
instrumentation was z < 0.025 mm. The accuracy on the longitudinal position was estimated as 
x < 2 mm. The accuracy on the transverse position of the instrumentation was about 1 mm. 
Tabular results are presented in Section D.2. Graphical data are shown in Section D.3. 
 
List of symbols 
A channel cross-section area (m2); 
B channel width (m); 
d water depth (m); 
fs smooth turbulent flow friction factor; 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hR height (m) of longitudinal rib; 
hb triangular baffle height (m); 
Lb longitudinal baffle spacing (m); 
lR breadth (m) of longitudinal rib; 
Q water discharge (m3/s); 
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V velocity (m/s); 
v' root mean square of velocity component (m/s); 
Vmax maximum velocity (m/s); 
Vmean cross-sectional averaged flow velocity (m/s) positive downstream: 
 Vmean = Q /A; 
x longitudinal distance (m) positive downstream; 
xb triangular baffle position (m); 
y transverse distance (m) measured from the right sidewall; 
ZR vertical elevation (m) of longitudinal rib bottom above the channel bed; 
ZVmax vertical elevation (m) where Vx = Vmax; 
z vertical elevation (m) above the bed. 
 
 angle between channel bed and horizontal; 
 
Subscript 
b triangular baffle property; 
R rib property; 
x longitudinal component; 
y transverse component; 
z vertical component. 
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Table D-1 - Hydrodynamic studies of asymmetrical rectangular channels: detailed velocity measurement experiments 
 
Reference Boundary  Q B x y Flow Instrumentation 
 conditions (°) (m3/s) (m) (m) (m) properties  
Present Streamwise rib 0 0.0261 0.50 8.0 0.0016 Velocity, pressure RPT (0 < z < 0.05 m), Prandtl-Pitot tube (z > 0.1 m) & ADV 
study ZR = 0.05 m     0.013 Velocity RPT (0 < z < 0.05 m) 
 hR = lR = 0.050 m     0.03 Velocity, pressure RPT (0 < z < 0.05 m), Prandtl-Pitot tube (z > 0.1 m) & ADV 
 along right wall     0.065 Velocity, pressure Prandtl-Pitot tube & ADV 
      0.08 Velocity ADV 
      0.165 Velocity ADV 
      0.25 Velocity, pressure RPT, Prandtl-Pitot tube & ADV 
      0.335 Velocity ADV 
      0.42 Velocity ADV 
      0.47 Velocity, pressure Prandtl-Pitot tube 
      0.4984 Velocity, pressure Prandtl-Pitot tube 
   0.0556 0.50 1.9, 8.0, 0.0016 Velocity, pressure RPT (0 < z < 0.05 m), Prandtl-Pitot tube (z > 0.1 m) & ADV 
      11.9 0.013 Velocity RPT (0 < z < 0.05 m) 
      0.03 Velocity, pressure RPT (0 < z < 0.05 m), Prandtl-Pitot tube (z > 0.1 m) & ADV 
      0.065 Velocity, pressure Prandtl-Pitot tube & ADV 
      0.08 Velocity ADV 
      0.165 Velocity ADV 
      0.25 Velocity, pressure RPT, Prandtl-Pitot tube & ADV 
      0.335 Velocity ADV 
      0.42 Velocity ADV 
      0.47 Velocity, pressure Prandtl-Pitot tube 
      0.4984 Velocity, pressure Prandtl-Pitot tube 
   0.100 0.50 8.0 0.0016 Velocity, pressure RPT (0 < z < 0.05 m), Prandtl-Pitot tube (z > 0.1 m) & ADV 
      0.013 Velocity RPT (0 < z < 0.05 m) 
      0.03 Velocity, pressure RPT (0 < z < 0.05 m), Prandtl-Pitot tube (z > 0.1 m) & ADV 
      0.065 Velocity, pressure Prandtl-Pitot tube & ADV 
      0.08 Velocity ADV 
      0.165 Velocity ADV 
      0.25 Velocity, pressure RPT, Prandtl-Pitot tube & ADV 
      0.335 Velocity ADV 
      0.42 Velocity ADV 
      0.47 Velocity, pressure Prandtl-Pitot tube 
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      0.4984 Velocity, pressure Prandtl-Pitot tube 
CABONCE 
et al. (2019) 
Triangular corner 
baffles, hb = 0.067 
m, Lb = 0.67m, xb = 
8.12 m, along left 
wall 
0 0.0261 0.50 8.15, 8.29, 
8.45, 8.63 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
   0 0.0556 0.50 8.15, 8.29, 
8.45, 8.63 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
 Triangular corner 
baffles, hb = 0.133 
m, Lb = 0.67m, xb = 
8.12 m, along left 
wall 
0 0.0556 0.50 8.15, 8.29, 
8.45, 8.63 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
 Triangular corner 
baffles, hb = 0.133 
m, Lb =1.33m, xb = 
8.12 m, along left 
wall 
0 0.0261 0.50 8.15, 8.46, 
8.79, 9.13 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
  0 0.0556 0.50 8.15, 8.46, 
8.79, 9.13 
0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
WANG et al. 
(2018) 
Rough left wall, 
rough bed, smooth 
right wall 
0 0.0261 0.4785 2.0, 5.0, 
8.0 
0.05, 0.125, 
0.175, 0.25, 
0.3125, 
0.375, 0.42, 
0.475 
Velocity Prandtl-Pitot tube & ADV (primarily) 
   0.0556 0.4785 2.0, 5.0, 
8.0 
0.048, 0.12, 
0.167, 
0.239, 
0.299, 0.36, 
0.40, 0.455 
Velocity Prandtl-Pitot tube & ADV (primarily) 
 
Notes: x: longitudinal distance from flume's upstream end; y: transverse distance from right sidewall. 
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Table D-2 - Hydrodynamic studies of smooth symmetrical rectangular channels: detailed velocity measurement experiments 
 
Reference Boundary  Q B x y Flow Instrumentation 
 conditions (°) (m3/s) (m) (m) (m) properties  
CABONCE 
et al. (2019) 
Smooth PVC bed & 
glass sidewalls 
0 0.0261 0.50 8.15 0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
  0 0.0556 0.50 8.15 0.08, 0.165, 
0.25, 0.335, 
0.42, 0.46, 
0.48 
Velocity, pressure Prandtl-Pitot tube 
WANG et al. 
(2018) 
Smooth PVC bed & 
glass sidewalls 
0 0.0261 0.50 0.65, 1.0, 
2.0, 2.8, 4.0, 
5.0, 6.5, 8.0, 
10.0 
0.25 Velocity, pressure Prandtl-Pitot tube 
  0 0.0556 0.50 0.65, 1.0, 
2.0, 2.8, 4.0, 
5.0, 6.5, 8.0, 
10.0 
0.25 Velocity, pressure Prandtl-Pitot tube 
 
Notes: x: longitudinal distance from flume's upstream end; y: transverse distance from right sidewall. 
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D.2 EXPERIMENTAL DATA 
D.2.1 Prandtl-Pitot tube data 
 
Q = 0.0261 (m3/s) 
x = 8 m 
y = 0.25 m y = 0.47 m y = 0.065 m y = 0.4984 m 
z Vx z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) 
0.00159 0.408 0.00159 0.328 0.00159 0.350 0.00159 0.262 
0.00209 0.432 0.00209 0.350 0.00209 0.377 0.00209 0.242 
0.00259 0.454 0.00259 0.370 0.00259 0.390 0.00259 0.252 
0.00309 0.475 0.00309 0.377 0.00309 0.402 0.00309 0.262 
0.00359 0.475 0.00359 0.383 0.00359 0.408 0.00359 0.271 
0.00409 0.497 0.00409 0.396 0.00409 0.414 0.00409 0.262 
0.00459 0.495 0.00459 0.408 0.00459 0.426 0.00459 0.271 
0.00559 0.505 0.00559 0.420 0.00559 0.432 0.00559 0.280 
0.00659 0.519 0.00659 0.426 0.00659 0.443 0.00659 0.280 
0.00759 0.528 0.00759 0.437 0.00759 0.454 0.00759 0.271 
0.00859 0.533 0.00859 0.448 0.00859 0.464 0.00859 0.271 
0.01059 0.551 0.01059 0.464 0.01059 0.480 0.01059 0.289 
0.01259 0.569 0.01259 0.485 0.01259 0.490 0.01259 0.289 
0.01459 0.577 0.01459 0.495 0.01459 0.500 0.01459 0.297 
0.01659 0.590 0.01659 0.500 0.01659 0.510 0.01659 0.305 
0.01859 0.602 0.01859 0.510 0.01859 0.514 0.01859 0.305 
0.02159 0.618 0.02159 0.524 0.02159 0.524 0.02159 0.305 
0.02659 0.638 0.02659 0.533 0.02659 0.519 0.02659 0.305 
0.03159 0.653 0.03159 0.542 0.03159 0.510 0.03159 0.305 
0.03659 0.671 0.03659 0.542 0.03659 0.495 0.03659 0.313 
0.04159 0.682 0.04159 0.551 0.04159 0.480 0.04159 0.321 
0.05159 0.693 0.05159 0.556 0.05159 0.485 0.05159 0.321 
0.06159 0.696 0.06159 0.564 0.06159 0.533 0.06159 0.321 
0.07159 0.700 0.07159 0.569 0.07159 0.564 0.07159 0.321 
0.08159 0.703 0.08159 0.564 0.08159 0.564 0.08159 0.336 
0.08659 0.707 0.08659 0.547 0.08659 0.542 0.08659 0.343 
 
Q = 0.0556 (m3/s) 
x = 1.9 m 
y = 0.0016 m y = 0.03 m y = 0.065 m y = 0.25 m y = 0.47 m y = 0.4984 m 
z Vx z Vx z Vx z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) 
0.10283 0.336 0.10283 0.443 0.00159 0.448 0.00159 0.470 0.00159 0.459 0.00159 0.321 
0.10333 0.343 0.10333 0.459 0.00209 0.475 0.00209 0.495 0.00209 0.485 0.00209 0.313 
0.10383 0.350 0.10383 0.480 0.00259 0.500 0.00259 0.514 0.00259 0.500 0.00259 0.336 
0.10483 0.350 0.10483 0.505 0.00359 0.524 0.00359 0.533 0.00359 0.519 0.00359 0.343 
0.10583 0.350 0.10583 0.514 0.00459 0.538 0.00459 0.547 0.00459 0.538 0.00459 0.357 
0.10783 0.364 0.10783 0.547 0.00659 0.569 0.00659 0.569 0.00659 0.564 0.00659 0.370 
0.10983 0.383 0.10983 0.569 0.00859 0.594 0.00859 0.594 0.00859 0.586 0.00859 0.377 
0.11283 0.396 0.11283 0.610 0.01059 0.614 0.01059 0.610 0.01059 0.606 0.01059 0.383 
0.11583 0.402 0.11583 0.638 0.01259 0.626 0.01259 0.626 0.01259 0.622 0.01259 0.390 
0.11883 0.420 0.11883 0.660 0.01459 0.638 0.01459 0.634 0.01459 0.638 0.01459 0.396 
0.12283 0.420 0.12283 0.682 0.01759 0.653 0.01759 0.653 0.01759 0.653 0.01759 0.396 
0.12783 0.414 0.12783 0.696 0.02159 0.660 0.02159 0.675 0.02159 0.668 0.02159 0.396 
0.13283 0.420 0.13283 0.700 0.02659 0.660 0.02659 0.689 0.02659 0.679 0.02659 0.402 
0.14283 0.426 0.14283 0.707 0.03159 0.649 0.03159 0.707 0.03159 0.686 0.03159 0.414 
0.15283 0.443 0.15283 0.714 0.03659 0.630 0.03659 0.724 0.03659 0.693 0.03659 0.426 
0.15783 0.443 0.15783 0.703 0.04159 0.618 0.04159 0.734 0.04159 0.700 0.04159 0.443 
    0.05159 0.634 0.05159 0.737 0.05159 0.710 0.05159 0.454 
    0.06159 0.668 0.06159 0.741 0.06159 0.714 0.06159 0.448 
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    0.07159 0.675 0.07159 0.744 0.07159 0.700 0.07159 0.443 
    0.08159 0.664 0.08159 0.744 0.08159 0.686 0.08159 0.443 
    0.09159 0.642 0.09159 0.747 0.09159 0.668 0.09159 0.414 
    0.10159 0.645 0.10159 0.751 0.10159 0.660 0.10159 0.414 
    0.11159 0.686 0.11159 0.751 0.11159 0.668 0.11159 0.420 
    0.12159 0.724 0.12159 0.754 0.12159 0.682 0.12159 0.432 
    0.13159 0.741 0.13159 0.754 0.13159 0.703 0.13159 0.443 
    0.14159 0.747 0.14159 0.760 0.14159 0.714 0.14159 0.437 
    0.15159 0.751 0.15159 0.767 0.15159 0.717 0.15159 0.448 
    0.15659 0.751 0.15659 0.770 0.15659 0.707 0.15659 0.448 
 
Q = 0.0556 (m3/s) 
x = 8 m 
y = 0.0016 m y = 0.03 m y = 0.065 m y = 0.25 m y = 0.47 m y = 0.4984 m 
z Vx z Vx z Vx z Vx z Vx z Vx 
(m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) 
0.10410 0.495 0.1041 0.432 0.00159 0.454 0.00159 0.495 0.00159 0.533 0.00159 0.408 
0.10460 0.495 0.1046 0.464 0.0021 0.495 0.0021 0.542 0.0021 0.495 0.0021 0.396 
0.10510 0.485 0.1051 0.485 0.00259 0.514 0.00261 0.569 0.00259 0.505 0.00259 0.396 
0.10610 0.475 0.1061 0.505 0.00359 0.533 0.00359 0.586 0.00359 0.524 0.0036 0.396 
0.10710 0.464 0.1071 0.533 0.0046 0.560 0.00459 0.610 0.0046 0.560 0.00459 0.420 
0.10910 0.475 0.1091 0.569 0.00659 0.577 0.0066 0.634 0.00659 0.586 0.00659 0.420 
0.11110 0.475 0.1111 0.594 0.00859 0.610 0.00859 0.657 0.00859 0.610 0.00859 0.420 
0.11410 0.495 0.1141 0.626 0.01059 0.626 0.01059 0.679 0.01059 0.634 0.01059 0.420 
0.11711 0.495 0.11711 0.649 0.01259 0.642 0.01259 0.693 0.01259 0.649 0.01259 0.420 
0.12010 0.495 0.1201 0.664 0.01461 0.657 0.01459 0.707 0.01461 0.671 0.01459 0.420 
0.12410 0.495 0.1241 0.671 0.01759 0.664 0.01769 0.727 0.01759 0.679 0.01759 0.432 
0.12910 0.485 0.1291 0.671 0.02165 0.679 0.02161 0.741 0.02165 0.700 0.0216 0.443 
0.13910 0.464 0.1391 0.657 0.02661 0.686 0.02659 0.760 0.02661 0.707 0.02659 0.454 
    0.03159 0.686 0.03159 0.779 0.03159 0.707 0.03159 0.454 
    0.0366 0.679 0.03661 0.798 0.0366 0.714 0.0366 0.485 
    0.04159 0.664 0.04159 0.810 0.04159 0.721 0.04159 0.485 
    0.05159 0.664 0.05159 0.834 0.05159 0.727 0.05159 0.495 
    0.06159 0.686 0.06159 0.852 0.06159 0.734 0.06159 0.505 
    0.0716 0.721 0.0716 0.869 0.0716 0.741 0.0716 0.524 
    0.08159 0.741 0.08159 0.880 0.08159 0.747 0.08159 0.533 
    0.09159 0.741 0.09159 0.885 0.09159 0.741 0.09159 0.524 
    0.10159 0.721 0.10159 0.891 0.10159 0.727 0.1016 0.524 
    0.1116 0.700 0.11159 0.896 0.1116 0.714 0.11163 0.514 
    0.1216 0.707 0.12159 0.896 0.1216 0.714 0.12159 0.495 
    0.1316 0.727 0.13159 0.902 0.1316 0.714 0.13159 0.475 
 
Q = 0.0556 (m3/s) 
x = 11.9 m 
y = 0.0016 m y = 0.03 m y = 0.065 m y = 0.25 m y = 0.47 m y = 0.4984 m 
z Vx z Vx z Vx z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) 
0.10329 0.390 0.10329 0.542 0.00159 0.590 0.00159 0.642 0.00159 0.551 0.00159 0.420 
0.10379 0.396 0.10379 0.551 0.00209 0.602 0.00209 0.660 0.00209 0.586 0.00209 0.414 
0.10429 0.408 0.10429 0.573 0.00259 0.622 0.00259 0.682 0.00259 0.606 0.00259 0.432 
0.10529 0.426 0.10529 0.602 0.00359 0.657 0.00359 0.710 0.00359 0.630 0.00359 0.443 
0.10629 0.432 0.10629 0.630 0.00459 0.682 0.00459 0.737 0.00459 0.660 0.00459 0.459 
0.10829 0.443 0.10829 0.668 0.00659 0.717 0.00659 0.776 0.00659 0.689 0.00659 0.480 
0.11029 0.454 0.11029 0.700 0.00859 0.744 0.00859 0.801 0.00859 0.724 0.00859 0.500 
0.11229 0.437 0.11229 0.724 0.01059 0.767 0.01059 0.822 0.01059 0.744 0.01059 0.505 
0.11429 0.464 0.11429 0.744 0.01259 0.783 0.01259 0.849 0.01259 0.764 0.01259 0.514 
0.11629 0.480 0.11629 0.754 0.01459 0.792 0.01459 0.863 0.01459 0.786 0.01459 0.519 
0.11829 0.480 0.11829 0.760 0.01759 0.813 0.01759 0.883 0.01759 0.798 0.01759 0.524 
0.12029 0.475 0.12029 0.754 0.02159 0.822 0.02159 0.899 0.02159 0.822 0.02159 0.533 
0.12329 0.470 0.12329 0.744 0.02659 0.825 0.02659 0.921 0.02659 0.837 0.02659 0.547 
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    0.03159 0.828 0.03159 0.934 0.03159 0.849 0.03159 0.556 
    0.03659 0.819 0.03659 0.947 0.03659 0.857 0.03659 0.564 
    0.04159 0.816 0.04159 0.960 0.04159 0.863 0.04159 0.564 
    0.05159 0.819 0.05159 0.980 0.05159 0.874 0.05159 0.573 
    0.06159 0.846 0.06159 0.995 0.06159 0.880 0.06159 0.581 
    0.07159 0.869 0.07159 1.010 0.07159 0.880 0.07159 0.581 
    0.08159 0.869 0.08159 1.026 0.08159 0.874 0.08159 0.573 
    0.09159 0.846 0.09159 1.034 0.09159 0.871 0.09159 0.556 
    0.10159 0.807 0.10159 1.038 0.10159 0.860 0.10159 0.551 
    0.11159 0.804 0.11159 1.041 0.11159 0.846 0.11159 0.551 
    0.12159 0.825 0.12159 1.045 0.12159 0.810 0.12159 0.542 
 
Q = 0.100 (m3/s) 
x = 8 m 
y = 0.0016 m y = 0.03 m y = 0.065 m y = 0.25 m y = 0.47 m y = 0.4984 m 
z Vx z Vx z Vx z Vx z Vx z Vx 
(m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) (m) (m/s) 
0.1036 0.464 0.1036 0.622 0.0016 0.598 0.0016 0.660 0.0016 0.564 0.002 0.443 
0.1046 0.514 0.1046 0.664 0.0026 0.660 0.0026 0.727 0.0026 0.626 0.003 0.459 
0.1056 0.480 0.1056 0.700 0.0036 0.686 0.0036 0.754 0.0036 0.649 0.004 0.485 
0.1066 0.485 0.1066 0.734 0.0046 0.707 0.0046 0.776 0.0046 0.671 0.005 0.485 
0.1086 0.500 0.1086 0.773 0.0066 0.741 0.0066 0.801 0.0066 0.703 0.007 0.480 
0.1106 0.519 0.1106 0.807 0.0086 0.764 0.0086 0.843 0.0086 0.721 0.009 0.485 
0.1136 0.524 0.1136 0.852 0.0116 0.792 0.0116 0.880 0.0116 0.754 0.012 0.505 
0.1166 0.538 0.1166 0.880 0.0146 0.813 0.0146 0.896 0.0146 0.783 0.015 0.519 
0.1196 0.538 0.1196 0.902 0.0176 0.831 0.0176 0.921 0.0176 0.810 0.018 0.528 
0.1236 0.573 0.1236 0.913 0.0216 0.843 0.0216 0.947 0.0216 0.825 0.022 0.542 
0.1286 0.560 0.1286 0.926 0.0266 0.846 0.0266 0.967 0.0266 0.854 0.027 0.560 
0.1336 0.564 0.1336 0.934 0.0316 0.840 0.0316 0.982 0.0316 0.880 0.032 0.569 
0.1386 0.569 0.1386 0.944 0.0366 0.828 0.0366 1.002 0.0366 0.894 0.037 0.586 
0.1436 0.581 0.1436 0.955 0.0416 0.816 0.0416 1.014 0.0416 0.910 0.042 0.594 
0.1536 0.594 0.1536 0.967 0.0516 0.804 0.0516 1.031 0.0516 0.931 0.052 0.614 
0.1636 0.598 0.1636 0.970 0.0616 0.837 0.0616 1.052 0.0616 0.947 0.062 0.622 
0.1736 0.594 0.1736 0.977 0.0716 0.874 0.0716 1.066 0.0716 0.960 0.072 0.626 
0.1836 0.594 0.1836 0.977 0.0816 0.885 0.0816 1.078 0.0816 0.970 0.082 0.630 
0.1936 0.594 0.1936 0.962 0.0916 0.883 0.0916 1.089 0.0916 0.975 0.092 0.630 
    0.1016 0.863 0.1016 1.093 0.1016 0.975 0.102 0.626 
    0.1116 0.863 0.1116 1.098 0.1116 0.975 0.112 0.630 
    0.1316 0.937 0.1316 1.102 0.1316 0.962 0.132 0.618 
    0.1516 1.007 0.1516 1.105 0.1516 0.929 0.152 0.610 
    0.1716 1.052 0.1716 1.105 0.1716 0.877 0.172 0.560 
    0.1916 1.041 0.1916 1.109 0.1916 0.860 0.192 0.551 
    0.1966 1.026 0.1966 1.113 0.1966 0.854 0.197 0.564 
 
D.2.2 Roving Preston tube data 
 
Q = 0.0261 (m3/s) 
x = 8 m 
y = 0.013 m y = 0.03 m y = 0.25 m 
z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) 
0.00081 0.329 0.00081 0.338 0.00081 0.436 
0.00132 0.348 0.00132 0.353 0.00132 0.492 
0.00181 0.357 0.00181 0.362 0.00181 0.482 
0.00231 0.362 0.00231 0.371 0.00231 0.485 
0.00281 0.362 0.00281 0.375 0.00281 0.505 
0.00331 0.366 0.00331 0.379 0.00331 0.512 
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0.00381 0.371 0.00381 0.384 0.00381 0.518 
0.00481 0.379 0.00481 0.396 0.00481 0.527 
0.00582 0.388 0.00582 0.400 0.00582 0.537 
0.00681 0.392 0.00681 0.409 0.00681 0.549 
0.00781 0.400 0.00781 0.412 0.00781 0.560 
0.00982 0.409 0.00982 0.428 0.00982 0.569 
0.01181 0.416 0.01181 0.436 0.01181 0.583 
0.01382 0.420 0.01382 0.443 0.01382 0.592 
0.01581 0.424 0.01581 0.454 0.01581 0.600 
0.01781 0.428 0.01781 0.465 0.01781 0.605 
0.02081 0.428 0.02081 0.472 0.02081 0.619 
0.02581 0.428 0.02581 0.489 0.02581 0.632 
0.03081 0.424 0.03081 0.492 0.03081 0.652 
0.03583 0.428 0.03583 0.485 0.03583 0.662 
0.04081 0.428 0.04081 0.465 0.04081 0.677 
0.04231 0.428 0.04231 0.432 0.05081 0.689 
    0.06081 0.694 
    0.07081 0.694 
    0.08081 0.686 
    0.08581 0.672 
Q = 0.0556 (m3/s) 
x = 1.9 m 
y = 0.013 m y = 0.03 m y = 0.25 m 
z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) 
0.00081 0.404 0.00081 0.392 0.00081 0.468 
0.00131 0.420 0.00131 0.408 0.00131 0.475 
0.00181 0.428 0.00181 0.420 0.00181 0.498 
0.00281 0.439 0.00281 0.432 0.00281 0.515 
0.00381 0.457 0.00381 0.443 0.00381 0.530 
0.00581 0.478 0.00581 0.465 0.00581 0.551 
0.00781 0.489 0.00781 0.482 0.00781 0.575 
0.00981 0.502 0.00981 0.502 0.00981 0.589 
0.01181 0.511 0.01181 0.515 0.01181 0.605 
0.01381 0.518 0.01381 0.533 0.01381 0.616 
0.01681 0.521 0.01681 0.548 0.01681 0.637 
0.02081 0.527 0.02081 0.569 0.02081 0.657 
0.02581 0.530 0.02581 0.594 0.02581 0.674 
0.03081 0.527 0.03081 0.602 0.03081 0.700 
0.03581 0.530 0.03581 0.602 0.03581 0.712 
0.04081 0.521 0.04081 0.575 0.04081 0.721 
0.04181 0.515 0.04481 0.536 0.05081 0.730 
    0.06081 0.737 
    0.07081 0.741 
    0.08081 0.743 
    0.09081 0.745 
    0.10081 0.750 
    0.11081 0.752 
    0.12081 0.752 
    0.13081 0.756 
    0.14081 0.752 
    0.15081 0.752 
    0.15581 0.741 
Q = 0.0556 (m3/s) 
x = 8 m 
y = 0.013 m y = 0.03 m y = 0.25 m 
z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) 
0.00081 0.420 0.00081 0.444 0.00081 0.557 
0.00131 0.452 0.00131 0.460 0.00131 0.588 
0.00181 0.460 0.00181 0.475 0.00181 0.600 
0.00281 0.475 0.00281 0.497 0.00281 0.611 
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0.00381 0.490 0.00381 0.511 0.00381 0.628 
0.00586 0.511 0.00586 0.531 0.00581 0.645 
0.00782 0.524 0.00782 0.551 0.00781 0.672 
0.00982 0.531 0.00981 0.563 0.00981 0.682 
0.01181 0.538 0.01181 0.582 0.01181 0.697 
0.01381 0.544 0.01381 0.594 0.01381 0.707 
0.01681 0.551 0.01681 0.605 0.01682 0.722 
0.02081 0.563 0.02081 0.634 0.02081 0.737 
0.02581 0.569 0.02581 0.650 0.02581 0.746 
0.03081 0.569 0.03081 0.656 0.03081 0.760 
0.03582 0.563 0.03581 0.650 0.03581 0.774 
0.04081 0.563 0.04081 0.623 0.04081 0.788 
0.04281 0.551 0.04581 0.576 0.05081 0.818 
    0.06081 0.835 
    0.07081 0.860 
    0.08081 0.873 
    0.09081 0.885 
    0.10081 0.896 
    0.11081 0.908 
    0.12081 0.908 
    0.13081 0.900 
Q = 0.0556 (m3/s) 
x = 11.9 m 
y = 0.013 m y = 0.03 m y = 0.25 m 
z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) 
0.00081 0.469 0.00081 0.488 0.00081 0.62382491 
0.00131 0.480 0.00131 0.513 0.00131 0.64929756 
0.00181 0.488 0.00181 0.520 0.00181 0.67380792 
0.00281 0.506 0.00281 0.537 0.00281 0.69486948 
0.00381 0.520 0.00381 0.557 0.00381 0.72033096 
0.00581 0.547 0.00581 0.576 0.00581 0.74974424 
0.00781 0.569 0.00781 0.603 0.00781 0.77804636 
0.00981 0.585 0.00981 0.618 0.00981 0.80086781 
0.01181 0.600 0.01181 0.638 0.01181 0.81866705 
0.01381 0.609 0.01381 0.655 0.01381 0.83176655 
0.01681 0.618 0.01681 0.668 0.01681 0.84679323 
0.02081 0.632 0.02081 0.690 0.02081 0.87195097 
0.02581 0.632 0.02581 0.705 0.02581 0.89640293 
0.03081 0.638 0.03081 0.715 0.03081 0.91628125 
0.03581 0.632 0.03581 0.705 0.03581 0.92994327 
0.04081 0.624 0.04081 0.676 0.04081 0.95101572 
0.04181 0.615 0.04481 0.635 0.05081 0.97348376 
       0.06081 0.99000022 
       0.07081 1.00803449 
       0.08081 1.02575174 
       0.09081 1.0362367 
       0.10081 1.03970819 
       0.11081 1.03100755 
       0.12081 1.02750666 
Q = 0.100 (m3/s) 
x = 11.9 m 
y = 0.013 m y = 0.03 m y = 0.25 m 
z Vx z Vx z Vx (m) (m/s) (m) (m/s) (m) (m/s) 
0.00081 0.483 0.00081 0.476 0.00081 0.657 
0.00181 0.535 0.00181 0.483 0.00181 0.740 
0.00281 0.558 0.00281 0.532 0.00281 0.757 
0.00381 0.570 0.00381 0.548 0.00381 0.780 
0.00581 0.601 0.00581 0.577 0.00581 0.818 
0.00781 0.615 0.00781 0.592 0.00781 0.843 
0.01081 0.654 0.01081 0.621 0.01081 0.878 
D-11 
0.01381 0.681 0.01381 0.635 0.01381 0.904 
0.01681 0.691 0.01681 0.641 0.01681 0.933 
0.02081 0.726 0.02081 0.649 0.02081 0.946 
0.02581 0.748 0.02581 0.652 0.02581 0.966 
0.03081 0.755 0.03081 0.654 0.03081 0.993 
0.03581 0.748 0.03581 0.652 0.03581 1.015 
0.04081 0.711 0.04081 0.638 0.04081 1.023 
0.04581 0.652 0.04231 0.629 0.05081 1.039 
       0.06081 1.061 
       0.07081 1.076 
       0.08081 1.087 
       0.09081 1.093 
       0.10081 1.093 
       0.11081 1.097 
       0.13081 1.098 
       0.15081 1.100 
       0.17081 1.097 
       0.19081 1.080 
       0.19581 1.064 
 
D.2.3 Acoustic Doppler velocimeter data 
 
Q = 0.0261 (m3/s) 
x = 8 m 
y z Vx Vy Vz vx' vy' vz'  
(m) (m) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0.0016 0.0058 0.330 0.002 0.019 0.110 0.030 0.199 
 0.0063 0.336 0.002 0.019 0.110 0.030 0.203 
 0.0068 0.335 0.002 0.015 0.108 0.030 0.199 
 0.0073 0.339 0.002 0.014 0.109 0.030 0.208 
 0.0078 0.339 0.002 0.017 0.111 0.030 0.221 
 0.0083 0.338 0.002 0.020 0.109 0.030 0.208 
 0.0088 0.337 0.001 0.019 0.110 0.030 0.208 
 0.0098 0.342 0.001 0.017 0.112 0.030 0.213 
 0.0108 0.343 0.001 0.018 0.111 0.030 0.218 
 0.0118 0.343 0.002 0.017 0.111 0.030 0.223 
 0.0128 0.345 0.001 0.018 0.113 0.031 0.213 
 0.0148 0.345 0.001 0.017 0.113 0.030 0.238 
 0.0168 0.349 0.001 0.017 0.113 0.031 0.227 
 0.0188 0.351 0.000 0.022 0.115 0.031 0.338 
 0.0208 0.349 0.001 0.049 0.118 0.032 0.676 
 0.0228 0.348 0.001 0.045 0.124 0.033 0.693 
 0.0258 0.345 0.001 0.037 0.173 0.046 0.787 
  0.0278 0.344 0.005 0.039 0.223 0.059 0.808 
0.03 0.0058 0.368 -0.013 -0.076 0.224 0.061 0.464 
 0.0063 0.359 -0.023 -0.068 0.259 0.069 0.461 
 0.0068 0.394 -0.005 -0.015 0.209 0.057 0.485 
 0.0073 0.382 -0.008 0.036 0.238 0.065 0.412 
 0.0078 0.372 -0.009 -0.081 0.273 0.073 0.488 
 0.0083 0.396 -0.004 -0.093 0.262 0.071 0.544 
 0.0088 0.392 -0.012 -0.061 0.304 0.080 0.565 
 0.0098 0.409 -0.007 0.014 0.239 0.064 0.437 
 0.0108 0.426 -0.008 0.013 0.198 0.054 0.429 
 0.0118 0.411 -0.013 -0.056 0.198 0.054 0.420 
 0.0128 0.432 -0.010 -0.179 0.176 0.048 0.559 
 0.0148 0.423 -0.016 0.050 0.178 0.049 0.385 
 0.0168 0.408 -0.021 0.068 0.263 0.070 0.509 
 0.0188 0.423 -0.022 -0.012 0.217 0.058 0.483 
 0.0208 0.429 -0.023 0.067 0.219 0.058 0.391 
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 0.0228 0.418 -0.027 -0.036 0.262 0.069 0.594 
 0.0258 0.398 -0.035 0.152 0.313 0.081 0.530 
 0.0308 0.419 -0.028 0.026 0.365 0.093 0.662 
 0.0358 0.369 -0.026 0.132 0.514 0.132 0.768 
 0.0408 0.410 -0.001 -0.028 0.190 0.050 0.358 
 0.0458 0.289 -0.013 -0.653 0.169 0.047  
  0.0508 0.147 -0.023 0.111 0.420 0.106   
0.065 0.0058 0.466 -0.005 0.016 0.105 0.033 0.155 
 0.0063 0.475 -0.003 0.019 0.102 0.032 0.152 
 0.0068 0.482 -0.005 0.015 0.102 0.032 0.152 
 0.0073 0.488 -0.005 0.015 0.100 0.032 0.152 
 0.0078 0.488 -0.004 0.015 0.100 0.032 0.152 
 0.0083 0.496 -0.005 0.016 0.098 0.031 0.149 
 0.0088 0.499 -0.006 0.017 0.097 0.031 0.151 
 0.0098 0.505 -0.006 0.011 0.097 0.031 0.150 
 0.0108 0.510 -0.007 0.012 0.097 0.031 0.151 
 0.0118 0.518 -0.007 0.012 0.095 0.031 0.152 
 0.0128 0.525 -0.007 0.009 0.096 0.031 0.151 
 0.0148 0.535 -0.009 0.009 0.095 0.030 0.152 
 0.0168 0.541 -0.010 0.010 0.096 0.031 0.159 
 0.0188 0.546 -0.011 0.006 0.094 0.030 0.155 
 0.0208 0.549 -0.010 0.008 0.097 0.031 0.159 
 0.0228 0.552 -0.008 0.004 0.095 0.030 0.159 
 0.0258 0.550 -0.008 0.002 0.096 0.031 0.157 
 0.0308 0.541 -0.002 -0.001 0.101 0.032 0.161 
 0.0358 0.531 0.003 -0.003 0.100 0.033 0.177 
 0.0408 0.516 0.008 -0.008 0.118 0.037 0.207 
 0.0458 0.419 -0.004 0.123 0.198 0.059 0.294 
 0.0558 0.536 -0.001 0.019 0.112 0.034 0.171 
 0.0658 0.589 -0.003 0.001 0.098 0.030 0.163 
 0.0708 0.602 -0.004 0.008 0.100 0.030 0.166 
 0.0758 0.606 -0.002  0.096 0.028  
  0.0858 0.587 0.004   0.092 0.028   
0.08 0.0058 0.484 0.012 0.143 0.488 0.136 0.952 
 0.0063 0.437 0.060 -0.294 0.454 0.123 0.676 
 0.0068 0.372 0.062 -0.291 0.569 0.151 0.818 
 0.0073 0.484 0.029 -0.132 0.541 0.149 0.814 
 0.0078 0.336 0.073 -0.319 0.479 0.124 0.732 
 0.0083 0.511 0.013 -0.043 0.221 0.065 0.367 
 0.0088 0.344 0.070 -0.122 0.506 0.131 0.893 
 0.0098 0.344 0.055 -0.249 0.567 0.149 0.850 
 0.0108 0.465 0.035 -0.169 0.469 0.126 0.710 
 0.0118 0.290 0.063 -0.307 0.552 0.141 0.839 
 0.0128 0.571 0.008 -0.018 0.119 0.038 0.252 
 0.0148 0.494 0.024 -0.070 0.240 0.069 0.481 
 0.0168 0.569 0.006 -0.011 0.185 0.053 0.387 
 0.0188 0.558 -0.003 0.091 0.148 0.044 0.562 
 0.0208 0.616 0.004 0.005 0.111 0.036 0.415 
 0.0228 0.648 0.011 0.020 0.151 0.044 0.627 
 0.0258 0.631 0.004 0.055 0.106 0.034 0.745 
 0.0308 0.619 0.001 0.135 0.119 0.037 0.632 
 0.0358 0.609 0.014 -0.008 0.120 0.037 0.382 
 0.0408 0.627 0.014 -0.061 0.114 0.036 0.211 
 0.0458 0.578 0.024 -0.010 0.173 0.052 0.266 
 0.0558 0.590 0.002 -0.105 0.090 0.030 0.274 
 0.0658 0.617 0.001 0.012 0.083 0.026 0.210 
 0.0708 0.621 0.000 0.010 0.083 0.025 0.197 
 0.0758 0.626 0.001  0.079 0.024  
  0.0858 0.610 0.012   0.075 0.023   
0.165 0.0058 0.506 -0.012 0.019 0.108 0.035 0.164 
 0.0063 0.509 -0.010 0.021 0.110 0.035 0.166 
 0.0068 0.517 -0.012 0.021 0.110 0.035 0.167 
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 0.0073 0.519 -0.011 0.018 0.108 0.035 0.167 
 0.0078 0.525 -0.011 0.016 0.109 0.035 0.167 
 0.0083 0.528 -0.010 0.016 0.109 0.035 0.166 
 0.0088 0.535 -0.010 0.014 0.108 0.035 0.167 
 0.0098 0.537 -0.010 0.014 0.109 0.036 0.168 
 0.0108 0.548 -0.010 0.015 0.110 0.036 0.169 
 0.0118 0.554 -0.009 0.013 0.107 0.035 0.168 
 0.0128 0.561 -0.010 0.011 0.107 0.036 0.166 
 0.0148 0.569 -0.010 0.010 0.103 0.035 0.161 
 0.0168 0.580 -0.009 0.009 0.096 0.034 0.152 
 0.0188 0.582 -0.009 0.008 0.093 0.033 0.141 
 0.0208 0.589 -0.006 0.007 0.088 0.032 0.134 
 0.0228 0.595 -0.007 0.007 0.086 0.032 0.129 
 0.0258 0.603 -0.007 0.005 0.083 0.031 0.126 
 0.0308 0.618 -0.005 0.005 0.079 0.030 0.122 
 0.0358 0.629 -0.004 0.003 0.075 0.028 0.120 
 0.0408 0.638 -0.003 0.004 0.072 0.027 0.131 
 0.0458 0.613 0.007 0.057 0.107 0.037 0.178 
 0.0558 0.655 -0.002 -0.144 0.091 0.028 0.222 
 0.0658 0.677 0.002 -0.135 0.080 0.025 0.185 
 0.0708 0.674 0.003 -0.195 0.082 0.025 0.240 
 0.0758 0.683 0.004  0.079 0.023  
  0.0858 0.777 -0.026   0.151 0.041   
0.25 0.0058 0.547 0.000 0.003 0.102 0.034 0.144 
 0.0063 0.555 0.000 0.005 0.101 0.035 0.145 
 0.0068 0.561 0.000 0.005 0.101 0.034 0.145 
 0.0073 0.562 0.000 0.005 0.102 0.035 0.146 
 0.0078 0.567 0.000 0.004 0.100 0.034 0.145 
 0.0083 0.573 0.000 0.004 0.100 0.035 0.146 
 0.0088 0.580 0.000 0.004 0.100 0.035 0.146 
 0.0098 0.586 0.000 0.002 0.099 0.034 0.144 
 0.0108 0.595 0.000 0.003 0.097 0.034 0.145 
 0.0118 0.603 0.000 0.003 0.096 0.034 0.145 
 0.0128 0.610 0.000 0.000 0.103 0.035 0.154 
 0.0148 0.620 0.000 0.001 0.100 0.034 0.152 
 0.0168 0.635 0.000 -0.002 0.092 0.033 0.146 
 0.0188 0.644 0.000 -0.001 0.088 0.031 0.141 
 0.0208 0.653 0.000 -0.004 0.087 0.030 0.142 
 0.0228 0.661 0.000 -0.004 0.084 0.030 0.141 
 0.0258 0.672 0.000 -0.006 0.080 0.028 0.141 
 0.0308 0.686 0.000 -0.011 0.075 0.026 0.142 
 0.0358 0.700 0.000 -0.011 0.071 0.024 0.144 
 0.0408 0.711 0.000 -0.008 0.074 0.023 0.165 
 0.0458 0.694 0.000 -0.006 0.085 0.025 0.173 
 0.0558 0.721 0.000 -0.017 0.064 0.019 0.157 
 0.0658 0.725 0.000 -0.017 0.062 0.018 0.161 
 0.0708 0.724 0.000 -0.022 0.062 0.018 0.154 
 0.0758 0.720 0.000  0.063 0.019  
  0.0858 0.718 0.000   0.062 0.019   
0.25 (180) 0.0058 0.543 0.000 0.014 0.110 0.037 0.160 
 0.0063 0.551 0.000 0.014 0.106 0.036 0.158 
 0.0068 0.557 0.000 0.012 0.106 0.037 0.159 
 0.0073 0.565 0.000 0.015 0.106 0.036 0.159 
 0.0078 0.567 0.000 0.013 0.105 0.036 0.157 
 0.0083 0.576 0.000 0.012 0.103 0.036 0.157 
 0.0088 0.580 0.000 0.009 0.103 0.036 0.158 
 0.0098 0.588 0.000 0.009 0.102 0.035 0.158 
 0.0108 0.597 0.000 0.009 0.100 0.035 0.154 
 0.0118 0.602 0.000 0.007 0.102 0.036 0.157 
 0.0128 0.613 0.000 0.006 0.103 0.036 0.159 
 0.0148 0.625 0.000 0.007 0.103 0.035 0.162 
 0.0168 0.636 0.000 0.002 0.097 0.034 0.157 
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 0.0188 0.648 0.000 -0.002 0.092 0.032 0.156 
 0.0208 0.658 0.000 -0.003 0.088 0.031 0.154 
 0.0228 0.668 0.000 -0.001 0.085 0.030 0.152 
 0.0258 0.679 0.000 0.008 0.081 0.028 0.157 
 0.0308 0.693 0.000 -0.005 0.077 0.026 0.152 
 0.0358 0.703 0.000 -0.008 0.072 0.024 0.152 
 0.0408 0.714 0.000 -0.016 0.076 0.024 0.192 
 0.0458 0.639 0.000 0.104 0.169 0.049 0.296 
 0.0558 0.719 0.000 -0.001 0.068 0.020 0.158 
 0.0658 0.726 0.000 -0.012 0.061 0.018 0.154 
 0.0708 0.726 0.000 -0.013 0.061 0.018 0.147 
 0.0758 0.725 0.000  0.065 0.019  
  0.0858 0.724 0.000   0.060 0.019   
0.335 0.0058 0.526 0.010 0.009 0.104 0.034 0.153 
 0.0063 0.527 0.010 0.013 0.105 0.035 0.155 
 0.0068 0.538 0.010 0.011 0.103 0.034 0.155 
 0.0073 0.541 0.010 0.008 0.103 0.035 0.155 
 0.0078 0.542 0.009 0.010 0.104 0.035 0.155 
 0.0083 0.548 0.010 0.012 0.103 0.034 0.154 
 0.0088 0.550 0.011 0.010 0.103 0.035 0.155 
 0.0098 0.562 0.010 0.008 0.103 0.034 0.154 
 0.0108 0.564 0.009 0.007 0.102 0.035 0.155 
 0.0118 0.571 0.010 0.007 0.101 0.035 0.154 
 0.0128 0.576 0.009 0.006 0.102 0.035 0.160 
 0.0148 0.596 0.008 0.007 0.101 0.035 0.161 
 0.0168 0.602 0.009 0.006 0.098 0.034 0.159 
 0.0188 0.613 0.007 0.007 0.098 0.034 0.159 
 0.0208 0.625 0.008 0.008 0.096 0.033 0.157 
 0.0228 0.626 0.007 0.006 0.097 0.034 0.162 
 0.0258 0.641 0.006 0.005 0.093 0.033 0.159 
 0.0308 0.657 0.006 -0.003 0.091 0.031 0.157 
 0.0358 0.674 0.006 -0.003 0.087 0.030 0.159 
 0.0408 0.683 0.006 -0.001 0.084 0.028 0.186 
 0.0458 0.670 0.007 0.009 0.105 0.032 0.214 
 0.0558 0.710 0.006 -0.003 0.077 0.023 0.158 
 0.0658 0.723 0.002 -0.015 0.067 0.020 0.161 
 0.0708 0.725 0.000 -0.012 0.067 0.019 0.155 
 0.0758 0.720 -0.003  0.062 0.018  
  0.0858 0.713 -0.012   0.060 0.018   
0.42 0.0058 0.487 0.005 -0.033 0.227 0.060 0.806 
 0.0063 0.504 0.009 0.193 0.155 0.044 0.737 
 0.0068 0.506 0.005 0.016 0.141 0.041 0.567 
 0.0073 0.506 0.006 0.019 0.135 0.040 0.700 
 0.0078 0.510 0.005 0.058 0.123 0.038 0.684 
 0.0083 0.515 0.006 0.038 0.122 0.037 0.585 
 0.0088 0.520 0.008 0.039 0.133 0.039 0.666 
 0.0098 0.528 0.007 0.004 0.135 0.040 0.683 
 0.0108 0.528 0.005 -0.007 0.126 0.039 0.664 
 0.0118 0.539 0.008 0.036 0.131 0.039 0.639 
 0.0128 0.549 0.006 0.151 0.131 0.040 0.945 
 0.0148 0.540 0.002 0.250 0.270 0.071 1.036 
 0.0168 0.552 0.003 0.423 0.206 0.059 1.071 
 0.0188 0.565 0.006 0.059 0.167 0.050 0.849 
 0.0208 0.575 0.004 -0.024 0.127 0.039 0.592 
 0.0228 0.584 0.004 -0.021 0.117 0.038 0.668 
 0.0258 0.591 0.003 -0.021 0.116 0.037 0.710 
 0.0308 0.622 0.002 -0.004 0.127 0.039 0.726 
 0.0358 0.621 0.000 0.051 0.134 0.040 0.864 
 0.0458 0.589 0.002 0.123 0.211 0.058 0.932 
 0.0558 0.582 0.011 0.160 0.274 0.075 0.956 
 0.0658 0.675 -0.001 0.107 0.111 0.032 0.915 
 0.0708 0.677 -0.002 0.158 0.098 0.028 0.867 
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 0.0758 0.670 -0.002  0.095 0.027  
  0.0858 0.625 -0.017   0.193 0.051   
Q = 0.0556 (m3/s) 
x = 1.9 m 
y z Vx Vy Vz vx' vy' vz'  
(m) (m) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0.0016 0.0058 0.475 0.014 0.030 0.249 0.070 0.607 
 0.0063 0.424 0.004 0.041 0.856 0.237 1.294 
 0.0068 0.425 0.008 0.016 0.850 0.235 1.354 
 0.0078 0.489 0.010 0.005 0.172 0.047 0.486 
 0.0088 0.491 0.013 0.006 0.233 0.063 0.943 
 0.0108 0.331 0.052 -0.172 0.998 0.245 1.663 
 0.0128 0.263 0.047 0.134 0.947 0.235 1.724 
 0.0148 0.426 -0.003 0.037 0.572 0.148 1.140 
 0.0168 0.498 0.004 -0.020 0.240 0.064 0.626 
 0.0188 0.452 -0.005 0.009 0.534 0.141 0.953 
 0.0218 0.480 0.005 -0.031 0.649 0.169 1.084 
 0.0238 0.462 -0.001 0.014 0.369 0.098 0.734 
 0.0258 0.412 -0.002 -0.024 0.621 0.162 1.095 
  0.0278 0.434 0.006 -0.015 0.583 0.151 1.012 
0.03 0.0058 0.559 0.011 -0.018 0.110 0.039 0.213 
 0.0063 0.549 0.009 0.036 0.111 0.038 0.188 
 0.0068 0.555 0.008 0.011 0.110 0.038 0.196 
 0.0078 0.574 0.009 0.019 0.108 0.037 0.186 
 0.0088 0.590 0.009 0.003 0.099 0.036 0.191 
 0.0108 0.608 0.007 0.022 0.100 0.035 0.175 
 0.0128 0.629 0.006 0.007 0.093 0.033 0.177 
 0.0148 0.646 0.004 -0.001 0.088 0.031 0.175 
 0.0168 0.647 -0.001 0.039 0.088 0.031 0.159 
 0.0188 0.663 -0.003 0.025 0.086 0.029 0.167 
 0.0218 0.674 -0.006 0.046 0.080 0.027 0.155 
 0.0258 0.695 -0.005 0.038 0.069 0.023 0.148 
 0.0308 0.695 -0.006 0.034 0.066 0.022 0.152 
 0.0358 0.685 -0.001 0.023 0.074 0.026 0.138 
 0.0408 0.657 0.001 0.027 0.109 0.036 0.161 
 0.0458 0.543 0.006  0.109 0.037  
  0.0498 0.422 0.008   0.135 0.039   
0.065 0.0058 0.632 0.017 0.012 0.101 0.033 0.161 
 0.0063 0.641 0.014 0.011 0.097 0.033 0.157 
 0.0068 0.648 0.015 0.009 0.096 0.032 0.156 
 0.0078 0.663 0.015 0.006 0.090 0.030 0.153 
 0.0088 0.673 0.013 0.005 0.087 0.029 0.152 
 0.0108 0.689 0.011 0.003 0.081 0.027 0.148 
 0.0128 0.701 0.009 -0.002 0.075 0.025 0.142 
 0.0148 0.706 0.006 0.000 0.071 0.024 0.139 
 0.0168 0.709 0.006 -0.003 0.073 0.023 0.146 
 0.0188 0.711 0.004 -0.004 0.076 0.024 0.147 
 0.0218 0.702 0.003 0.003 0.074 0.024 0.143 
 0.0258 0.692 0.005 0.005 0.076 0.026 0.141 
 0.0308 0.681 0.009 0.005 0.080 0.027 0.145 
 0.0358 0.663 0.015 0.003 0.084 0.030 0.149 
 0.0408 0.646 0.020 -0.003 0.087 0.031 0.152 
 0.0458 0.642 0.018 -0.002 0.089 0.030 0.155 
 0.0558 0.682 0.003 -0.012 0.077 0.025 0.132 
 0.0658 0.703 -0.004 -0.011 0.075 0.024 0.133 
 0.0758 0.701 -0.001 -0.009 0.067 0.022 0.123 
 0.0858 0.696 0.005 -0.010 0.073 0.024 0.128 
 0.0958 0.706 0.011 -0.007 0.078 0.026 0.138 
 0.1058 0.733 0.005 -0.006 0.071 0.024 0.161 
 0.1158 0.735 -0.010 0.009 0.097 0.027 0.201 
 0.1258 0.742 -0.017 0.003 0.067 0.020 0.165 
 0.1358 0.747 -0.019 0.002 0.065 0.020 0.168 
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 0.1458 0.745 -0.008  0.061 0.021  
  0.1558 0.749 0.006   0.058 0.022   
0.08 0.0058 0.691 0.041 0.096 0.185 0.056 0.504 
 0.0063 0.670 0.028 0.137 0.135 0.041 0.648 
 0.0068 0.656 0.025 0.043 0.167 0.049 0.527 
 0.0078 0.664 0.022 0.042 0.127 0.037 0.480 
 0.0088 0.675 0.021 0.091 0.127 0.037 0.632 
 0.0108 0.702 0.022 0.072 0.132 0.038 0.744 
 0.0128 0.704 0.016 0.044 0.118 0.034 0.524 
 0.0148 0.705 0.014 0.050 0.114 0.033 0.553 
 0.0168 0.734 0.019 0.160 0.118 0.034 0.708 
 0.0188 0.735 0.017 0.135 0.114 0.033 0.706 
 0.0218 0.698 0.009 0.091 0.111 0.032 0.551 
 0.0258 0.698 0.010 0.079 0.112 0.033 0.504 
 0.0308 0.694 0.008 0.051 0.135 0.039 0.496 
 0.0358 0.686 0.011 0.050 0.127 0.038 0.495 
 0.0408 0.682 0.012 0.041 0.129 0.039 0.520 
 0.0458 0.684 0.009 0.093 0.140 0.040 0.510 
 0.0558 0.710 0.005 -0.007 0.072 0.025 0.156 
 0.0658 0.725 0.002 -0.012 0.069 0.023 0.165 
 0.0758 0.729 0.003 -0.016 0.071 0.024 0.173 
 0.0858 0.732 0.004 -0.035 0.071 0.024 0.205 
 0.0958 0.737 0.005 0.008 0.068 0.024 0.166 
 0.1058 0.731 -0.001 -0.007 0.157 0.043 0.503 
 0.1158 0.745 -0.003 0.067 0.145 0.039 0.707 
 0.1258 0.715 -0.006 0.086 0.335 0.085 0.958 
 0.1358 0.749 -0.010 0.121 0.128 0.035 0.929 
 0.1458 0.742 -0.008  0.129 0.036  
  0.1558 0.389 0.022   0.725 0.184   
0.165 0.0058 0.519 0.011 0.025 0.119 0.037 0.172 
 0.0063 0.525 0.012 0.026 0.114 0.036 0.166 
 0.0068 0.540 0.011 0.024 0.110 0.035 0.158 
 0.0078 0.550 0.012 0.025 0.110 0.035 0.158 
 0.0088 0.555 0.012 0.020 0.109 0.035 0.159 
 0.0108 0.579 0.013 0.017 0.106 0.034 0.157 
 0.0128 0.590 0.012 0.016 0.102 0.033 0.154 
 0.0148 0.610 0.010 0.010 0.099 0.032 0.152 
 0.0168 0.620 0.011 0.016 0.096 0.032 0.149 
 0.0188 0.632 0.010 0.011 0.092 0.031 0.148 
 0.0218 0.646 0.009 0.017 0.090 0.030 0.147 
 0.0258 0.664 0.007 0.011 0.086 0.029 0.145 
 0.0308 0.680 0.004 0.010 0.079 0.026 0.141 
 0.0358 0.698 0.001 0.010 0.072 0.024 0.138 
 0.0408 0.709 -0.003 0.007 0.069 0.022 0.136 
 0.0458 0.718 -0.007 0.004 0.065 0.021 0.140 
 0.0558 0.698 -0.026 -0.023 0.102 0.027 0.263 
 0.0658 0.727 -0.016 -0.012 0.089 0.025 0.271 
 0.0758 0.728 -0.012 0.006 0.093 0.025 0.307 
 0.0858 0.730 -0.005 0.009 0.095 0.026 0.346 
 0.0958 0.733 0.007 0.019 0.111 0.030 0.327 
 0.1058 0.742 0.008 0.018 0.060 0.019 0.184 
 0.1158 0.709 -0.006 0.063 0.119 0.032 0.293 
 0.1258 0.738 -0.008 0.029 0.070 0.021 0.155 
 0.1358 0.747 -0.014 0.009 0.064 0.019 0.151 
  0.1458 0.748 -0.021   0.068 0.020   
0.25 0.0058 0.563 0.000 0.006 0.114 0.035 0.177 
 0.0063 0.570 0.000 0.007 0.115 0.035 0.180 
 0.0068 0.575 0.000 0.008 0.115 0.035 0.179 
 0.0078 0.593 0.000 0.004 0.112 0.035 0.179 
 0.0088 0.599 0.000 0.005 0.110 0.034 0.177 
 0.0108 0.619 0.000 0.002 0.107 0.033 0.176 
 0.0128 0.636 0.000 0.000 0.103 0.033 0.176 
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 0.0148 0.653 0.000 -0.001 0.105 0.032 0.196 
 0.0168 0.672 0.000 -0.001 0.100 0.031 0.189 
 0.0188 0.683 0.000 -0.008 0.097 0.030 0.192 
 0.0218 0.698 0.000 -0.007 0.094 0.029 0.195 
 0.0258 0.713 0.000 -0.007 0.085 0.025 0.176 
 0.0308 0.721 0.000 -0.009 0.060 0.018 0.116 
 0.0358 0.732 0.000 -0.006 0.059 0.017 0.117 
 0.0408 0.731 0.000 -0.004 0.064 0.018 0.129 
 0.0458 0.733 0.000 -0.004 0.065 0.018 0.127 
 0.0558 0.733 0.000 -0.007 0.063 0.017 0.124 
 0.0658 0.727 0.000 -0.008 0.063 0.017 0.119 
 0.0758 0.727 0.000 -0.010 0.061 0.017 0.116 
 0.0858 0.738 0.000 -0.013 0.047 0.014 0.092 
 0.0958 0.737 0.000 -0.014 0.047 0.013 0.091 
 0.1058 0.736 0.000 -0.020 0.043 0.013 0.083 
 0.1158 0.733 0.000 -0.019 0.045 0.013 0.087 
 0.1258 0.726 0.000 -0.020 0.047 0.014 0.087 
 0.1358 0.721 0.000 -0.019 0.047 0.015 0.089 
 0.1458 0.714 0.000 -0.014 0.050 0.016 0.089 
  0.1558 0.712 0.000   0.046 0.014   
0.25 (180) 0.0058 0.567 0.000 0.024 0.099 0.032 0.148 
 0.0063 0.573 0.000 0.021 0.097 0.032 0.148 
 0.0068 0.581 0.000 0.018 0.097 0.032 0.148 
 0.0078 0.593 0.000 0.019 0.094 0.032 0.146 
 0.0088 0.605 0.000 0.019 0.093 0.031 0.144 
 0.0108 0.621 0.000 0.015 0.089 0.030 0.139 
 0.0128 0.641 0.000 0.010 0.085 0.029 0.136 
 0.0148 0.653 0.000 0.009 0.083 0.027 0.134 
 0.0168 0.667 0.000 0.008 0.077 0.026 0.129 
 0.0188 0.679 0.000 0.008 0.074 0.024 0.126 
 0.0218 0.695 0.000 0.008 0.067 0.022 0.121 
 0.0258 0.710 0.000 0.007 0.059 0.019 0.122 
 0.0308 0.721 0.000 0.008 0.054 0.017 0.121 
 0.0358 0.726 0.000 0.007 0.049 0.015 0.118 
 0.0408 0.726 0.000 0.008 0.045 0.014 0.112 
 0.0458 0.725 0.000 0.007 0.045 0.014 0.110 
 0.0558 0.727 0.000 0.003 0.042 0.013 0.106 
 0.0658 0.729 0.000 0.000 0.043 0.013 0.106 
 0.0758 0.730 0.000 -0.002 0.041 0.013 0.104 
 0.0858 0.730 0.000 -0.005 0.043 0.013 0.103 
 0.0958 0.729 0.000 -0.006 0.043 0.013 0.104 
 0.1058 0.728 0.000 -0.004 0.044 0.014 0.107 
 0.1158 0.725 0.000 0.005 0.049 0.015 0.122 
 0.1258 0.719 0.000 0.009 0.050 0.016 0.120 
 0.1358 0.717 0.000 0.003 0.047 0.015 0.124 
 0.1458 0.711 0.000 0.006 0.054 0.017 0.117 
  0.1558 0.708 0.000   0.043 0.014   
0.335 0.0058 0.531 -0.001 0.008 0.118 0.035 0.161 
 0.0063 0.540 0.000 0.006 0.111 0.034 0.156 
 0.0068 0.547 0.000 0.008 0.109 0.034 0.153 
 0.0078 0.561 0.000 0.008 0.107 0.034 0.153 
 0.0088 0.567 0.001 0.006 0.105 0.033 0.149 
 0.0108 0.585 0.002 0.007 0.101 0.033 0.145 
 0.0128 0.603 0.004 0.008 0.095 0.032 0.139 
 0.0148 0.619 0.005 0.005 0.092 0.031 0.139 
 0.0168 0.627 0.006 0.004 0.088 0.030 0.138 
 0.0188 0.639 0.008 0.002 0.084 0.029 0.130 
 0.0218 0.655 0.010 0.000 0.079 0.028 0.128 
 0.0258 0.674 0.009 -0.003 0.074 0.026 0.122 
 0.0308 0.689 0.008 -0.012 0.070 0.023 0.120 
 0.0358 0.708 0.010 -0.008 0.063 0.021 0.113 
 0.0408 0.712 0.012 0.000 0.064 0.020 0.114 
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 0.0458 0.724 0.010 -0.007 0.056 0.017 0.107 
 0.0558 0.728 0.009 -0.010 0.057 0.017 0.107 
 0.0658 0.730 0.009 -0.010 0.054 0.017 0.104 
 0.0758 0.732 0.009 -0.009 0.054 0.017 0.104 
 0.0858 0.734 0.006 -0.008 0.053 0.017 0.102 
 0.0958 0.737 0.002 -0.005 0.053 0.016 0.102 
 0.1058 0.737 -0.005 -0.008 0.052 0.015 0.101 
 0.1158 0.737 -0.009 -0.012 0.054 0.015 0.110 
 0.1258 0.731 -0.015 -0.011 0.058 0.016 0.108 
 0.1358 0.732 -0.019 -0.015 0.054 0.015 0.105 
 0.1458 0.732 -0.022 -0.007 0.056 0.016 0.111 
  0.1558 0.740 -0.031   0.053 0.017   
0.42 0.0058 0.575 0.014 0.080 0.116 0.036 0.437 
 0.0063 0.576 0.001 0.073 0.122 0.037 0.301 
 0.0068 0.576 -0.002 0.040 0.124 0.037 0.252 
 0.0078 0.592 -0.001 0.053 0.127 0.038 0.443 
 0.0088 0.607 0.000 0.068 0.115 0.036 0.238 
 0.0108 0.623 0.000 0.018 0.116 0.036 0.228 
 0.0128 0.643 0.001 0.029 0.103 0.033 0.212 
 0.0148 0.654 0.003 -0.001 0.102 0.033 0.225 
 0.0168 0.663 0.001 -0.019 0.103 0.033 0.206 
 0.0188 0.670 0.002 -0.025 0.099 0.032 0.178 
 0.0218 0.684 0.005 -0.014 0.079 0.027 0.137 
 0.0258 0.698 0.006 -0.012 0.072 0.025 0.128 
 0.0308 0.704 0.009 -0.011 0.072 0.024 0.129 
 0.0358 0.692 0.006 -0.038 0.118 0.030 0.247 
 0.0408 0.730 0.014 -0.009 0.074 0.022 0.152 
 0.0458 0.735 0.014 -0.001 0.073 0.022 0.158 
 0.0558 0.740 0.011 0.025 0.072 0.021 0.196 
 0.0658 0.745 0.005 0.022 0.066 0.020 0.153 
 0.0758 0.748 -0.002 0.061 0.066 0.020 0.261 
 0.0858 0.726 -0.012 0.058 0.097 0.025 0.485 
 0.0958 0.741 -0.013 0.050 0.067 0.022 0.442 
 0.1058 0.741 -0.016 0.048 0.066 0.023 0.440 
 0.1158 0.741 -0.020 0.066 0.074 0.024 0.395 
 0.1258 0.743 -0.024 0.065 0.060 0.020 0.216 
 0.1358 0.746 -0.027 0.043 0.058 0.018 0.147 
 0.1458 0.746 -0.030 0.017 0.056 0.018 0.164 
  0.1558 0.758 -0.025   0.064 0.021   
Q = 0.0556 (m3/s) 
x = 8 m 
y z Vx Vy Vz vx' vy' vz'  
(m) (m) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0.0016 0.0058 0.408 0.004 0.027 0.084 0.025 0.123 
 0.0063 0.238 0.081 -0.151 0.638 0.221 1.472 
 0.0068 0.273 0.070 -0.050 0.878 0.211 1.492 
 0.0078 0.245 0.074 -0.137 1.009 0.253 1.554 
 0.0088 0.282 0.083 -0.109 0.976 0.261 1.684 
 0.0098 0.418 0.058 -0.127 0.319 0.207 1.296 
 0.0108 0.233 0.104 -0.417 0.943 0.246 1.450 
 0.0128 0.429 0.002 0.308 0.120 0.037 0.832 
 0.0148 0.328 0.019 0.253 0.338 0.086 0.966 
 0.0168 0.435 0.002 0.385 0.100 0.028 0.906 
 0.0188 0.435 0.002 0.295 0.103 0.030 0.872 
 0.0218 0.437 0.002 0.017 0.094 0.027 0.192 
  0.0258 0.219 0.049 -0.229 0.497 0.118 0.807 
0.03 0.0058 0.366 -0.046 0.015 0.138 0.047 0.227 
 0.0063 0.463 -0.016 -0.021 0.176 0.058 0.386 
 0.0068 0.452 -0.024 -0.116 0.266 0.082 0.485 
 0.0078 0.489 -0.013 -0.035 0.132 0.044 0.322 
 0.0088 0.475 -0.020 -0.024 0.225 0.069 0.402 
 0.0098 0.511 -0.013 -0.052 0.214 0.066 0.430 
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 0.0108 0.518 -0.017 -0.171 0.171 0.052 0.448 
 0.0128 0.554 -0.009 -0.197 0.150 0.048 0.461 
 0.0148 0.590 -0.004 -0.151 0.144 0.048 0.512 
 0.0168 0.538 -0.025 -0.035 0.221 0.068 0.562 
 0.0188 0.586 -0.013 -0.007 0.203 0.059 0.417 
 0.0218 0.610 -0.014 0.009 0.177 0.056 0.405 
 0.0258 0.629 -0.012 0.011 0.156 0.050 0.419 
 0.0308 0.626 -0.017 -0.029 0.129 0.041 0.424 
 0.0358 0.621 -0.010 0.013 0.129 0.041 0.398 
 0.0408 0.585 -0.008 0.059 0.226 0.063 0.412 
  0.0458 0.516 0.002   0.137 0.043   
0.065 0.0058 0.623 0.002 0.012 0.097 0.037 0.140 
 0.0063 0.630 0.002 0.010 0.096 0.037 0.138 
 0.0068 0.637 0.001 0.009 0.095 0.037 0.138 
 0.0078 0.649 0.001 0.008 0.093 0.036 0.135 
 0.0088 0.659 0.000 0.005 0.090 0.036 0.134 
 0.0098 0.667 -0.001 0.003 0.089 0.035 0.132 
 0.0108 0.674 -0.002 0.002 0.088 0.035 0.133 
 0.0128 0.689 -0.004 -0.001 0.085 0.034 0.130 
 0.0148 0.702 -0.004 -0.002 0.082 0.033 0.129 
 0.0168 0.708 -0.006 -0.003 0.082 0.033 0.128 
 0.0188 0.717 -0.007 -0.004 0.080 0.032 0.127 
 0.0218 0.723 -0.007 -0.003 0.079 0.032 0.125 
 0.0258 0.725 -0.006 -0.003 0.080 0.033 0.127 
 0.0308 0.717 -0.002 0.001 0.083 0.034 0.132 
 0.0358 0.709 0.003 0.002 0.087 0.035 0.133 
 0.0408 0.697 0.008 0.001 0.092 0.037 0.136 
 0.0458 0.693 0.010 0.002 0.095 0.038 0.142 
 0.0558 0.707 0.001 0.004 0.092 0.036 0.143 
 0.0658 0.745 -0.011 -0.003 0.086 0.032 0.130 
 0.0758 0.763 -0.016 0.001 0.080 0.030 0.125 
 0.0858 0.769 -0.012 0.002 0.076 0.029 0.123 
 0.0958 0.750 0.000 0.009 0.081 0.030 0.133 
 0.1058 0.710 0.016 0.027 0.098 0.038 0.152 
 0.1158 0.718 0.016 0.019 0.086 0.034 0.145 
 0.1258 0.739 0.010 0.012 0.079 0.031 0.162 
  0.1358 0.760 0.010   0.070 0.026   
0.08 0.0058 0.711 0.028 -0.091 0.113 0.042 0.172 
 0.0063 0.664 0.017 -0.004 0.151 0.050 0.340 
 0.0068 0.668 0.009 0.003 0.122 0.045 0.269 
 0.0078 0.680 0.009 -0.025 0.119 0.044 0.288 
 0.0088 0.684 0.009 0.025 0.128 0.045 0.653 
 0.0098 0.697 0.009 0.130 0.143 0.048 0.764 
 0.0108 0.725 0.012 -0.027 0.131 0.046 0.476 
 0.0128 0.728 0.007 -0.014 0.121 0.043 0.317 
 0.0148 0.729 0.005 -0.001 0.115 0.041 0.343 
 0.0168 0.743 0.000 0.003 0.124 0.043 0.319 
 0.0188 0.757 0.001 -0.026 0.115 0.040 0.327 
 0.0218 0.759 0.000 -0.020 0.123 0.041 0.333 
 0.0258 0.771 -0.001 -0.039 0.109 0.037 0.316 
 0.0308 0.774 -0.001 -0.012 0.117 0.039 0.613 
 0.0358 0.684 -0.011 0.033 0.422 0.118 0.749 
 0.0408 0.682 -0.016 0.027 0.507 0.144 0.918 
 0.0458 0.574 -0.022 0.050 0.653 0.177 1.096 
 0.0558 0.784 -0.003 -0.002 0.088 0.034 0.188 
 0.0658 0.792 -0.008 0.008 0.089 0.033 0.182 
 0.0758 0.792 -0.011 0.016 0.083 0.030 0.182 
 0.0858 0.794 -0.008 0.013 0.085 0.030 0.176 
 0.0958 0.786 0.001 -0.022 0.080 0.030 0.214 
 0.1058 0.737 0.001 0.043 0.136 0.046 0.262 
 0.1158 0.710 0.002 0.064 0.432 0.124  
 0.1258 0.737 0.008  0.447 0.132  
D-20 
  0.1358 0.648 0.005   0.557 0.158   
0.165 0.0058 0.667 0.025 0.014 0.099 0.038 0.143 
 0.0063 0.676 0.025 0.013 0.098 0.038 0.143 
 0.0068 0.680 0.024 0.014 0.096 0.038 0.140 
 0.0078 0.693 0.023 0.012 0.094 0.037 0.138 
 0.0088 0.704 0.022 0.012 0.094 0.037 0.137 
 0.0098 0.711 0.022 0.012 0.092 0.036 0.135 
 0.0108 0.722 0.023 0.009 0.089 0.035 0.133 
 0.0128 0.737 0.021 0.008 0.086 0.035 0.130 
 0.0148 0.749 0.021 0.007 0.083 0.034 0.129 
 0.0168 0.761 0.018 0.006 0.080 0.032 0.126 
 0.0188 0.775 0.018 0.005 0.077 0.031 0.123 
 0.0218 0.785 0.016 0.003 0.074 0.030 0.122 
 0.0258 0.791 0.013 0.002 0.073 0.030 0.121 
 0.0308 0.806 0.010 0.000 0.069 0.028 0.116 
 0.0358 0.813 0.007 -0.002 0.072 0.028 0.121 
 0.0408 0.870 0.017 -0.072 0.123 0.039 0.186 
 0.0458 0.827 0.000 0.001 0.066 0.027 0.115 
 0.0558 0.820 -0.009 0.011 0.079 0.029 0.144 
 0.0658 0.843 -0.007 0.006 0.069 0.026 0.131 
 0.0758 0.856 -0.005 0.002 0.074 0.026 0.152 
 0.0858 0.860 -0.005 0.008 0.076 0.026 0.167 
 0.0958 0.829 -0.014 0.045 0.108 0.033 0.235 
 0.1058 0.881 0.003 0.011 0.089 0.028 0.167 
 0.1158 0.892 0.005 0.012 0.071 0.023 0.143 
 0.1258 0.897 0.009  0.066 0.022  
  0.1358 0.899 0.020   0.058 0.021   
0.25 0.0058 0.668 0.000 -0.014 0.103 0.038 0.140 
 0.0063 0.673 0.000 -0.015 0.101 0.038 0.144 
 0.0068 0.700 0.000 -0.017 0.094 0.038 0.131 
 0.0078 0.710 0.000 -0.018 0.093 0.038 0.130 
 0.0088 0.720 0.000 -0.018 0.091 0.038 0.128 
 0.0098 0.730 0.000 0.468 0.091 0.038 0.784 
 0.0108 0.737 0.000 -0.022 0.089 0.037 0.125 
 0.0128 0.753 0.000 -0.023 0.085 0.036 0.122 
 0.0148 0.764 0.000 -0.026 0.082 0.036 0.121 
 0.0168 0.774 0.000 -0.026 0.081 0.035 0.120 
 0.0188 0.790 0.000 -0.028 0.078 0.033 0.118 
 0.0218 0.800 0.000 -0.029 0.075 0.033 0.115 
 0.0258 0.814 0.000 -0.032 0.070 0.032 0.109 
 0.0308 0.828 0.000 -0.033 0.068 0.030 0.106 
 0.0358 0.841 0.000 -0.035 0.063 0.028 0.100 
 0.0408 0.853 0.000 -0.037 0.060 0.026 0.095 
 0.0458 0.859 0.000 -0.035 0.060 0.026 0.097 
 0.0558 0.871 0.000 -0.035 0.059 0.024 0.097 
 0.0658 0.888 0.000 -0.035 0.059 0.022 0.101 
 0.0758 0.895 0.000 -0.032 0.057 0.020 0.103 
 0.0858 0.903 0.000 -0.034 0.057 0.019 0.102 
 0.0958 0.906 0.000 -0.040 0.060 0.019 0.121 
 0.1058 0.905 0.000 -0.038 0.070 0.021 0.126 
 0.1158 0.906 0.000 -0.041 0.062 0.019 0.127 
 0.1258 0.908 0.000  0.061 0.018  
  0.1358 0.913 0.000   0.047 0.014   
0.25 (180) 0.0058 0.699 0.000 0.008 0.110 0.040 0.174 
 0.0063 0.704 0.000 0.012 0.110 0.041 0.173 
 0.0068 0.712 0.000 0.012 0.109 0.040 0.170 
 0.0078 0.728 0.000 0.007 0.106 0.039 0.171 
 0.0088 0.742 0.000 0.003 0.102 0.039 0.164 
 0.0098 0.748 0.000 0.002 0.102 0.038 0.166 
 0.0108 0.757 0.000 0.003 0.099 0.038 0.162 
 0.0128 0.778 0.000 0.000 0.094 0.036 0.158 
 0.0148 0.786 0.000 0.005 0.094 0.036 0.159 
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 0.0168 0.804 0.000 -0.002 0.088 0.033 0.154 
 0.0188 0.816 0.000 0.001 0.085 0.032 0.151 
 0.0218 0.828 0.000 0.004 0.083 0.030 0.148 
 0.0258 0.845 0.000 0.003 0.078 0.028 0.148 
 0.0308 0.859 0.000 0.002 0.074 0.025 0.146 
 0.0358 0.864 0.000 0.003 0.080 0.025 0.154 
 0.0408 0.867 0.000 0.000 0.082 0.025 0.155 
 0.0458 0.868 0.000 0.000 0.075 0.023 0.150 
 0.0558 0.870 0.000 -0.001 0.068 0.022 0.140 
 0.0658 0.872 0.000 -0.003 0.067 0.022 0.143 
 0.0758 0.873 0.000 0.000 0.069 0.022 0.146 
 0.0858 0.875 0.000 0.002 0.070 0.022 0.152 
 0.0958 0.877 0.000 -0.058 0.074 0.023 0.221 
 0.1058 0.864 0.000 0.012 0.103 0.030 0.216 
 0.1158 0.869 0.000 0.003 0.083 0.025 0.228 
 0.1258 0.863 0.000  0.111 0.034  
  0.1358 0.867 0.000   0.081 0.027   
0.335 0.0058 0.694 0.011 -0.018 0.100 0.039 0.142 
 0.0063 0.703 0.011 -0.020 0.099 0.039 0.142 
 0.0068 0.707 0.004 -0.019 0.098 0.039 0.141 
 0.0078 0.720 0.006 -0.020 0.097 0.039 0.140 
 0.0088 0.730 0.006 -0.023 0.097 0.038 0.139 
 0.0098 0.732 0.009 -0.020 0.095 0.039 0.140 
 0.0108 0.745 0.007 -0.025 0.094 0.038 0.136 
 0.0128 0.760 0.006 -0.026 0.090 0.037 0.134 
 0.0148 0.771 0.008 -0.024 0.088 0.037 0.131 
 0.0168 0.778 0.007 -0.025 0.086 0.037 0.129 
 0.0188 0.795 0.007 -0.027 0.081 0.035 0.125 
 0.0218 0.806 0.008 -0.027 0.078 0.034 0.121 
 0.0258 0.819 0.007 -0.030 0.075 0.033 0.117 
 0.0308 0.837 0.005 -0.032 0.072 0.031 0.114 
 0.0358 0.852 0.005 -0.030 0.075 0.030 0.117 
 0.0408 0.863 0.004 -0.032 0.069 0.027 0.111 
 0.0458 0.874 0.002 -0.033 0.063 0.025 0.104 
 0.0558 0.891 0.001 -0.030 0.060 0.022 0.101 
 0.0658 0.900 0.001 -0.029 0.057 0.020 0.102 
 0.0758 0.903 -0.002 -0.029 0.057 0.018 0.103 
 0.0858 0.903 -0.003 -0.031 0.057 0.018 0.104 
 0.0958 0.771 0.005 -0.024 0.088 0.037 0.131 
 0.1058 0.897 -0.002 -0.037 0.065 0.020 0.123 
 0.1158 0.895 -0.001 -0.037 0.058 0.018 0.117 
 0.1258 0.887 0.002  0.057 0.018  
  0.1358 0.883 0.004   0.050 0.017   
0.42 0.0058 0.575 0.004 -0.047 0.116 0.038 0.168 
 0.0063 0.555 -0.001 -0.039 0.235 0.060 0.497 
 0.0068 0.480 -0.021 -0.128 0.392 0.085 0.675 
 0.0078 0.599 0.000 0.001 0.152 0.044 0.452 
 0.0088 0.606 -0.017 -0.050 0.202 0.054 0.497 
 0.0098 0.643 -0.009 -0.033 0.139 0.043 0.417 
 0.0108 0.644 -0.010 -0.035 0.141 0.044 0.385 
 0.0128 0.661 -0.010 -0.024 0.136 0.042 0.453 
 0.0148 0.676 -0.010 0.013 0.153 0.045 0.525 
 0.0168 0.685 -0.007 0.019 0.141 0.044 0.539 
 0.0188 0.692 -0.007 0.014 0.138 0.043 0.538 
 0.0218 0.707 -0.006 0.014 0.135 0.042 0.552 
 0.0258 0.715 -0.004 0.034 0.129 0.040 0.556 
 0.0308 0.736 -0.004 0.028 0.131 0.041 0.541 
 0.0358 0.748 -0.002 0.130 0.126 0.039 0.755 
 0.0408 0.756 -0.001 -0.025 0.108 0.038 0.411 
 0.0458 0.771 -0.001 -0.031 0.104 0.036 0.366 
 0.0558 0.787 -0.005 -0.037 0.102 0.035 0.416 
 0.0658 0.802 -0.007 0.032 0.113 0.035 0.571 
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 0.0758 0.825 -0.007 0.102 0.115 0.035 0.655 
 0.0858 0.812 -0.011 0.179 0.183 0.045 0.804 
 0.0958 0.844 -0.006 0.365 0.123 0.034 0.778 
 0.1058 0.793 -0.011 0.358 0.222 0.051 0.792 
 0.1158 0.831 -0.001 0.251 0.155 0.042 0.763 
 0.1258 0.832 0.001 0.181 0.117 0.033 0.690 
  0.1358 0.764 0.004   0.362 0.096   
Q = 0.0556 (m3/s) 
x = 11.9 m 
y z Vx Vy Vz vx' vy' vz'  
(m) (m) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0.0016 0.0058 0.345 0.013 -0.062 0.848 0.213 1.347 
 0.0063 0.335 0.019 -0.148 0.884 0.218 1.417 
 0.0068 0.338 0.008 -0.068 0.830 0.205 1.355 
 0.0078 0.370 0.006 -0.057 0.754 0.185 1.268 
 0.0088 0.379 0.000 0.004 0.703 0.178 1.227 
 0.0108 0.353 0.009 -0.046 0.797 0.198 1.310 
 0.0128 0.346 0.011 -0.097 0.782 0.193 1.288 
 0.0148 0.348 0.001 -0.003 0.820 0.202 1.319 
 0.0168 0.375 0.001 -0.025 0.748 0.182 1.215 
 0.0188 0.352 0.003 -0.041 0.781 0.193 1.273 
 0.0218 0.489 -0.006 0.008 0.483 0.128 0.924 
 0.0238 0.427 0.000 -0.045 0.581 0.151 1.058 
 0.0258 0.461 0.000 -0.031 0.544 0.142 1.013 
  0.0278 0.482 -0.015 0.064 0.547 0.142 1.002 
0.03 0.0058 0.560 -0.022 0.056 0.409 0.112 0.764 
 0.0063 0.552 -0.024 0.046 0.397 0.111 0.729 
 0.0068 0.543 -0.021 0.073 0.364 0.105 0.672 
 0.0078 0.555 -0.024 0.098 0.362 0.104 0.675 
 0.0088 0.545 -0.026 0.066 0.386 0.111 0.720 
 0.0108 0.560 -0.029 0.076 0.373 0.107 0.688 
 0.0128 0.605 -0.021 -0.001 0.332 0.096 0.705 
 0.0148 0.624 -0.023 0.045 0.291 0.086 0.624 
 0.0168 0.638 -0.025 0.070 0.270 0.081 0.597 
 0.0188 0.634 -0.024 0.060 0.310 0.091 0.617 
 0.0218 0.611 -0.030 0.030 0.407 0.113 0.751 
 0.0258 0.627 -0.037 0.034 0.375 0.103 0.710 
 0.0308 0.633 -0.036 0.064 0.357 0.100 0.705 
 0.0358 0.600 -0.034 0.092 0.389 0.107 0.701 
 0.0408 0.658 -0.015 0.096 0.431 0.114 0.867 
 0.0458 0.515 -0.001 0.061 0.356 0.097 1.059 
  0.0498 0.353 -0.011   0.506 0.134   
0.065 0.0058 0.727 -0.004 -0.001 0.129 0.049 0.207 
 0.0063 0.740 -0.004 -0.005 0.119 0.047 0.200 
 0.0068 0.748 -0.001 -0.006 0.114 0.046 0.187 
 0.0078 0.757 -0.002 -0.009 0.110 0.045 0.187 
 0.0088 0.766 -0.004 -0.006 0.105 0.043 0.176 
 0.0108 0.780 -0.005 -0.008 0.102 0.042 0.174 
 0.0128 0.794 -0.006 -0.010 0.097 0.041 0.166 
 0.0148 0.806 -0.008 -0.009 0.094 0.040 0.164 
 0.0168 0.814 -0.011 -0.009 0.092 0.040 0.155 
 0.0188 0.818 -0.011 -0.006 0.090 0.039 0.152 
 0.0218 0.824 -0.007 -0.006 0.087 0.039 0.151 
 0.0258 0.825 -0.011 0.001 0.088 0.038 0.153 
 0.0308 0.823 -0.007 0.000 0.093 0.040 0.163 
 0.0358 0.815 -0.003 0.003 0.095 0.041 0.155 
 0.0408 0.807 0.000 0.003 0.122 0.047 0.203 
 0.0458 0.806 0.000 0.002 0.115 0.045 0.185 
 0.0558 0.830 -0.006 -0.001 0.095 0.039 0.149 
 0.0658 0.851 -0.015 0.007 0.092 0.037 0.148 
 0.0758 0.861 -0.013 0.006 0.085 0.035 0.143 
 0.0858 0.719 -0.036 0.150 0.250 0.070 0.343 
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 0.0958 0.813 0.013 0.019 0.112 0.043 0.179 
 0.1058 0.791 0.029 0.021 0.120 0.044 0.459 
 0.1158 0.799 0.027  0.088 0.035  
  0.1208 0.814 0.024   0.086 0.034   
0.08 0.0058 0.441 -0.004 0.145 0.715 0.190 1.242 
 0.0063 0.448 0.000 0.138 0.733 0.194 1.322 
 0.0068 0.450 0.006 0.100 0.745 0.193 1.279 
 0.0078 0.460 0.000 0.092 0.729 0.194 1.305 
 0.0088 0.496 -0.001 0.106 0.708 0.192 1.290 
 0.0108 0.547 0.001 0.057 0.675 0.179 1.207 
 0.0128 0.528 -0.004 0.096 0.705 0.182 1.233 
 0.0148 0.511 0.004 0.033 0.702 0.182 1.221 
 0.0168 0.617 -0.003 0.034 0.607 0.163 1.121 
 0.0188 0.628 -0.005 0.030 0.588 0.161 1.078 
 0.0218 0.538 -0.007 0.083 0.704 0.181 1.244 
 0.0258 0.587 -0.013 0.065 0.676 0.178 1.241 
 0.0308 0.515 0.000 0.085 0.725 0.196 1.351 
 0.0358 0.638 -0.014 0.098 0.607 0.160 1.122 
 0.0408 0.590 -0.003 -0.002 0.691 0.175 1.163 
 0.0458 0.712 -0.015 0.081 0.557 0.150 1.008 
 0.0558 0.886 -0.011 0.027 0.094 0.039 0.179 
 0.0658 0.887 -0.012 0.026 0.096 0.038 0.184 
 0.0758 0.891 -0.009 0.006 0.087 0.035 0.165 
 0.0858 0.798 -0.022 0.089 0.211 0.064 0.316 
 0.0958 0.850 0.008 0.018 0.129 0.048 0.276 
 0.1058 0.733 0.020 0.100 0.415 0.119 0.818 
 0.1158 0.654 0.026  0.536 0.146  
  0.1208 0.654 0.030   0.538 0.144   
0.165 0.0058 0.746 0.009 0.012 0.158 0.056 0.275 
 0.0063 0.744 0.006 0.015 0.167 0.072 0.283 
 0.0068 0.752 0.008 0.014 0.163 0.079 0.279 
 0.0078 0.764 0.010 0.008 0.158 0.076 0.275 
 0.0088 0.778 0.011 0.007 0.147 0.071 0.248 
 0.0108 0.800 0.010 0.007 0.137 0.066 0.237 
 0.0128 0.811 0.009 0.008 0.127 0.063 0.225 
 0.0148 0.823 0.008 0.006 0.126 0.061 0.218 
 0.0168 0.832 0.006 0.008 0.121 0.057 0.212 
 0.0188 0.845 0.005 0.004 0.117 0.053 0.204 
 0.0218 0.857 0.008 0.002 0.121 0.050 0.205 
 0.0258 0.865 0.001 0.006 0.111 0.047 0.194 
 0.0308 0.879 -0.002 0.009 0.106 0.046 0.188 
 0.0358 0.896 -0.005 0.003 0.110 0.046 0.189 
 0.0408 0.867 -0.017 0.055 0.182 0.060 0.313 
 0.0458 0.921 -0.009 0.006 0.102 0.042 0.185 
 0.0558 0.938 -0.023 0.067 0.196 0.058 0.432 
 0.0658 0.910 -0.027 0.063 0.246 0.070 0.425 
 0.0758 0.951 -0.018 0.010 0.275 0.080 0.510 
 0.0858 0.898 -0.026 0.067 0.293 0.079 0.484 
 0.0958 0.983 -0.009 0.043 0.157 0.047 0.298 
 0.1058 0.976 0.010 0.027 0.078 0.030 0.178 
 0.1158 0.952 0.030  0.087 0.033  
  0.1208 0.948 0.043   0.079 0.032   
0.25 0.0058 0.797 0.000 0.000 0.123 0.051 0.200 
 0.0063 0.803 0.000 -0.003 0.121 0.050 0.198 
 0.0068 0.821 0.000 -0.007 0.115 0.050 0.192 
 0.0078 0.819 0.000 -0.007 0.114 0.049 0.189 
 0.0088 0.828 0.000 -0.009 0.112 0.049 0.185 
 0.0108 0.846 0.000 -0.009 0.108 0.048 0.176 
 0.0128 0.857 0.000 -0.013 0.104 0.047 0.174 
 0.0148 0.873 0.000 -0.007 0.099 0.047 0.169 
 0.0168 0.878 0.000 -0.011 0.106 0.046 0.171 
 0.0188 0.893 0.000 -0.016 0.096 0.043 0.156 
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 0.0218 0.900 0.000 -0.020 0.097 0.045 0.159 
 0.0258 0.914 0.000 -0.022 0.090 0.041 0.150 
 0.0308 0.927 0.000 -0.022 0.087 0.040 0.149 
 0.0358 0.941 0.000 -0.022 0.085 0.040 0.147 
 0.0408 0.949 0.000 -0.021 0.082 0.037 0.144 
 0.0458 0.959 0.000 -0.022 0.081 0.035 0.144 
 0.0558 0.976 0.000 -0.022 0.077 0.032 0.139 
 0.0658 0.991 0.000 -0.023 0.072 0.029 0.128 
 0.0758 1.002 0.000 -0.030 0.067 0.026 0.129 
 0.0858 1.014 0.000 -0.014 0.082 0.027 0.139 
 0.0958 1.015 0.000 -0.021 0.065 0.022 0.126 
 0.1058 1.009 0.000 -0.017 0.065 0.021 0.135 
 0.1158 1.000 0.000  0.058 0.020  
  0.1208 0.999 0.000   0.058 0.022   
0.25 (180) 0.0058 0.797 0.000 0.000 0.123 0.051 0.200 
 0.0063 0.803 0.000 -0.003 0.121 0.050 0.198 
 0.0068 0.821 0.000 -0.007 0.115 0.050 0.192 
 0.0078 0.819 0.000 -0.007 0.114 0.049 0.189 
 0.0088 0.828 0.000 -0.009 0.112 0.049 0.185 
 0.0108 0.846 0.000 -0.009 0.108 0.048 0.176 
 0.0128 0.857 0.000 -0.013 0.104 0.047 0.174 
 0.0148 0.873 0.000 -0.007 0.099 0.047 0.169 
 0.0168 0.878 0.000 -0.011 0.106 0.046 0.171 
 0.0188 0.893 0.000 -0.016 0.096 0.043 0.156 
 0.0218 0.900 0.000 -0.020 0.097 0.045 0.159 
 0.0258 0.914 0.000 -0.022 0.090 0.041 0.150 
 0.0308 0.927 0.000 -0.022 0.087 0.040 0.149 
 0.0358 0.941 0.000 -0.022 0.085 0.040 0.147 
 0.0408 0.949 0.000 -0.021 0.082 0.037 0.144 
 0.0458 0.959 0.000 -0.022 0.081 0.035 0.144 
 0.0558 0.976 0.000 -0.022 0.077 0.032 0.139 
 0.0658 0.991 0.000 -0.023 0.072 0.029 0.128 
 0.0758 1.002 0.000 -0.030 0.067 0.026 0.129 
 0.0858 1.014 0.000 -0.014 0.082 0.027 0.139 
 0.0958 1.015 0.000 -0.021 0.065 0.022 0.126 
 0.1058 1.009 0.000 -0.017 0.065 0.021 0.135 
 0.1158 1.000 0.000  0.058 0.020  
  0.1208 0.999 0.000   0.058 0.022   
0.335 0.0058 0.783 0.006 0.003 0.132 0.083 0.222 
 0.0063 0.792 0.007 0.000 0.130 0.086 0.224 
 0.0068 0.797 0.006 -0.003 0.127 0.089 0.217 
 0.0078 0.814 0.005 0.001 0.119 0.074 0.207 
 0.0088 0.821 0.005 -0.001 0.118 0.085 0.206 
 0.0108 0.838 0.007 -0.005 0.111 0.074 0.197 
 0.0128 0.851 0.005 -0.004 0.111 0.068 0.191 
 0.0148 0.864 0.006 -0.010 0.102 0.046 0.184 
 0.0168 0.872 0.005 -0.008 0.103 0.044 0.178 
 0.0188 0.884 0.006 -0.008 0.106 0.045 0.186 
 0.0218 0.895 0.004 -0.011 0.101 0.045 0.178 
 0.0258 0.906 0.003 -0.010 0.093 0.046 0.166 
 0.0308 0.923 0.003 -0.013 0.089 0.039 0.156 
 0.0358 0.932 -0.001 -0.017 0.085 0.038 0.148 
 0.0408 0.914 0.003 0.007 0.223 0.070 0.363 
 0.0458 0.956 -0.002 -0.015 0.081 0.034 0.147 
 0.0558 0.972 -0.002 -0.014 0.078 0.032 0.144 
 0.0658 0.985 -0.001 -0.017 0.075 0.029 0.138 
 0.0758 0.996 0.000 -0.027 0.069 0.025 0.142 
 0.0858 0.999 0.000 -0.014 0.092 0.029 0.161 
 0.0958 1.002 0.001 -0.019 0.070 0.024 0.135 
 0.1058 0.990 0.000 -0.017 0.068 0.023 0.137 
 0.1158 0.969 -0.004  0.060 0.022  
  0.1208 0.962 -0.008   0.063 0.024   
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0.42 0.0058 0.401 -0.040 -0.245 0.688 0.169 1.196 
 0.0063 0.411 -0.037 -0.173 0.691 0.170 1.198 
 0.0068 0.383 -0.045 -0.261 0.685 0.170 1.210 
 0.0078 0.412 -0.040 -0.232 0.696 0.170 1.184 
 0.0088 0.485 -0.025 -0.080 0.630 0.163 1.141 
 0.0108 0.491 -0.032 -0.176 0.622 0.158 1.083 
 0.0128 0.513 -0.028 -0.167 0.637 0.161 1.147 
 0.0148 0.574 -0.029 -0.112 0.570 0.148 1.119 
 0.0168 0.524 -0.024 -0.071 0.646 0.164 1.239 
 0.0188 0.564 -0.025 -0.094 0.614 0.157 1.165 
 0.0218 0.562 -0.024 -0.138 0.607 0.158 1.130 
 0.0258 0.633 -0.016 -0.005 0.538 0.151 1.112 
 0.0308 0.590 -0.022 -0.026 0.612 0.158 1.203 
 0.0358 0.625 -0.029 -0.198 0.561 0.147 1.088 
 0.0408 0.707 -0.012 -0.072 0.479 0.132 1.009 
 0.0458 0.631 -0.028 -0.206 0.546 0.140 1.079 
 0.0558 0.814 -0.020 -0.118 0.350 0.093 0.808 
 0.0658 0.879 -0.011 -0.069 0.232 0.064 0.613 
 0.0758 0.916 -0.004 -0.059 0.179 0.050 0.542 
 0.0858 0.869 -0.010 -0.084 0.267 0.069 0.688 
 0.0958 0.924 -0.002 -0.004 0.183 0.051 0.648 
 0.1058 0.909 -0.004 -0.027 0.156 0.045 0.480 
 0.1158 0.788 -0.016 -0.038 0.385 0.101  
  0.1208 0.776 -0.023 -0.217 0.386 0.102   
Q = 0.100 (m3/s) 
x = 8 m 
y z Vx Vy Vz vx' vy' vz'  
(m) (m) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s) 
0.0016 0.0058 0.512 0.004 0.018 0.106 0.031 0.153 
 0.0063 0.509 0.003 0.013 0.104 0.039 0.200 
 0.0068 0.513 0.002 0.038 0.110 0.040 0.313 
 0.0078 0.520 0.004 0.084 0.109 0.039 0.603 
 0.0088 0.526 0.005 0.044 0.106 0.040 0.385 
 0.0108 0.529 0.004 0.049 0.111 0.038 0.350 
 0.0128 0.541 0.005 0.143 0.112 0.036 0.770 
 0.0148 0.536 0.004 0.118 0.117 0.037 0.664 
 0.0158 0.545 0.005 0.127 0.115 0.037 0.747 
 0.0188 0.551 0.006 0.055 0.115 0.037 0.515 
 0.0218 0.553 0.005 0.098 0.116 0.036 0.667 
 0.0238 0.557 0.005 0.046 0.116 0.036 0.404 
 0.0258 0.559 0.005 0.024 0.117 0.037 0.292 
  0.0278 0.549 0.005 0.014 0.109 0.036 0.152 
0.03 0.0058 0.568 -0.011 -0.009 0.272 0.088 0.513 
 0.0068 0.587 -0.005 0.019 0.249 0.083 0.471 
 0.0078 0.606 -0.005 -0.008 0.238 0.081 0.480 
 0.0088 0.618 -0.004 -0.002 0.235 0.075 0.445 
 0.0108 0.660 -0.001 -0.091 0.186 0.069 0.475 
 0.0128 0.679 -0.002 -0.055 0.179 0.068 0.450 
 0.0158 0.700 -0.004 -0.072 0.176 0.067 0.451 
 0.0188 0.710 -0.008 -0.009 0.197 0.068 0.451 
 0.0218 0.733 -0.009 0.000 0.172 0.063 0.404 
 0.0258 0.751 -0.010 -0.020 0.178 0.064 0.435 
 0.0308 0.751 -0.013 0.020 0.194 0.065 0.476 
 0.0358 0.746 -0.003 0.005 0.203 0.067 0.390 
 0.0408 0.727 -0.005 -0.078 0.289 0.087 0.501 
 0.0458 0.568 0.012 -0.077 0.193 0.065 0.315 
  0.0508 0.276 0.017 -0.094 0.200 0.057 0.245 
0.065 0.0058 0.748 0.003 0.014 0.096 0.039 0.138 
 0.0068 0.757 0.001 0.013 0.100 0.088 0.139 
 0.0078 0.768 0.000 0.012 0.095 0.075 0.135 
 0.0088 0.781 0.001 0.011 0.094 0.081 0.132 
 0.0108 0.802 0.000 0.010 0.090 0.078 0.124 
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 0.0128 0.817 -0.003 0.010 0.087 0.077 0.120 
 0.0158 0.836 -0.004 0.008 0.084 0.086 0.117 
 0.0188 0.849 -0.006 0.008 0.079 0.084 0.113 
 0.0218 0.856 -0.006 0.009 0.077 0.072 0.110 
 0.0258 0.856 -0.002 0.008 0.077 0.073 0.111 
 0.0308 0.851 -0.001 0.010 0.083 0.072 0.115 
 0.0358 0.837 0.007 0.008 0.087 0.062 0.121 
 0.0408 0.824 0.012 0.006 0.098 0.074 0.128 
 0.0458 0.814 0.014 0.008 0.103 0.066 0.135 
 0.0558 0.833 0.001 0.006 0.099 0.054 0.126 
 0.0658 0.877 -0.013 0.014 0.090 0.048 0.121 
 0.0758 0.905 -0.017 0.016 0.076 0.036 0.111 
 0.0858 0.904 -0.012 0.024 0.074 0.032 0.109 
 0.0958 0.888 0.005 0.031 0.081 0.036 0.117 
 0.1058 0.871 0.024 0.032 0.086 0.041 0.126 
 0.1158 0.887 0.025 0.029 0.100 0.043 0.142 
 0.1358 0.958 0.004 0.030 0.079 0.037 0.114 
 0.1558 1.016 -0.002 0.019 0.093 0.035 0.169 
 0.1758 1.050 0.013 0.031 0.068 0.026 0.117 
  0.1958 1.018 0.054   0.062 0.026   
0.08 0.0058 0.771 0.019 0.168 0.242 0.104 0.715 
 0.0068 0.743 0.017 0.123 0.359 0.135 0.803 
 0.0078 0.786 0.012 0.189 0.334 0.120 0.814 
 0.0088 0.820 0.013 0.174 0.226 0.111 0.717 
 0.0108 0.830 0.014 0.129 0.204 0.115 0.653 
 0.0128 0.879 0.009 0.163 0.174 0.100 0.632 
 0.0158 0.885 0.008 0.134 0.161 0.111 0.649 
 0.0188 0.888 0.009 0.156 0.170 0.111 0.679 
 0.0218 0.900 0.007 0.154 0.217 0.097 0.673 
 0.0258 0.913 0.006 0.082 0.140 0.101 0.794 
 0.0308 0.908 0.004 0.120 0.172 0.101 0.670 
 0.0358 0.914 0.008 0.096 0.192 0.098 0.612 
 0.0408 0.920 0.008 -0.042 0.185 0.111 0.303 
 0.0458 0.927 0.008 -0.003 0.164 0.101 0.356 
 0.0558 0.912 -0.003 -0.003 0.091 0.112 0.240 
 0.0658 0.923 -0.010 -0.092 0.080 0.044 0.183 
 0.0758 0.935 -0.010 0.125 0.079 0.040 0.210 
 0.0858 0.932 -0.007 -0.063 0.085 0.037 0.257 
 0.0958 0.919 0.001 0.015 0.079 0.037 0.187 
 0.1058 0.885 0.033 0.092 0.371 0.103 0.830 
 0.1158 0.929 0.017 0.113 0.084 0.042 0.339 
 0.1358 0.970 0.007 0.061 0.104 0.042 0.224 
 0.1558 1.019 0.002 0.054 0.083 0.034 0.253 
 0.1758 1.053 0.016 0.037 0.126 0.039 0.280 
  0.1958 1.054 0.064   0.107 0.034   
0.165 0.0058 0.741 0.018 0.016 0.122 0.111 0.171 
 0.0068 0.759 0.020 0.014 0.120 0.103 0.167 
 0.0078 0.767 0.017 0.015 0.121 0.120 0.167 
 0.0088 0.777 0.019 0.014 0.118 0.119 0.165 
 0.0108 0.803 0.020 0.015 0.115 0.117 0.161 
 0.0128 0.817 0.018 0.011 0.113 0.119 0.157 
 0.0158 0.839 0.018 0.012 0.111 0.121 0.155 
 0.0188 0.856 0.016 0.013 0.106 0.107 0.151 
 0.0218 0.868 0.014 0.012 0.107 0.125 0.152 
 0.0258 0.881 0.011 0.015 0.103 0.116 0.146 
 0.0308 0.892 0.007 0.011 0.101 0.120 0.144 
 0.0358 0.916 0.003 0.015 0.101 0.125 0.147 
 0.0408 0.916 0.003 0.019 0.120 0.137 0.185 
 0.0458 0.946 0.006 0.016 0.109 0.145 0.202 
 0.0558 0.949 -0.013 -0.025 0.123 0.103 0.282 
 0.0658 0.960 -0.003 0.002 0.089 0.052 0.212 
 0.0758 0.989 0.001 0.024 0.100 0.078 0.215 
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 0.0858 0.982 0.003 -0.090 0.124 0.072 0.285 
 0.0958 0.989 -0.005 0.030 0.163 0.054 0.309 
 0.1058 1.011 -0.005 0.021 0.081 0.035 0.142 
 0.1158 1.018 -0.001 0.022 0.070 0.030 0.120 
 0.1358 1.035 0.004 0.023 0.070 0.026 0.120 
 0.1558 1.043 0.013 0.013 0.071 0.024 0.137 
 0.1758 1.051 0.022 0.024 0.078 0.023 0.140 
  0.1958 1.063 0.033   0.063 0.019   
0.25 0.0058 0.803 0.000 0.003 0.117 0.072 0.161 
 0.0068 0.818 0.000 -0.001 0.117 0.080 0.157 
 0.0078 0.826 0.000 -0.002 0.116 0.080 0.155 
 0.0088 0.833 0.000 -0.004 0.116 0.084 0.154 
 0.0108 0.853 0.000 -0.006 0.112 0.084 0.152 
 0.0128 0.870 0.000 -0.006 0.107 0.078 0.147 
 0.0158 0.883 0.000 -0.007 0.107 0.086 0.147 
 0.0188 0.905 0.000 -0.010 0.103 0.084 0.145 
 0.0218 0.921 0.000 -0.013 0.101 0.085 0.144 
 0.0258 0.925 0.000 -0.014 0.097 0.078 0.140 
 0.0308 0.944 0.000 -0.016 0.094 0.082 0.139 
 0.0358 0.961 0.000 -0.015 0.098 0.094 0.142 
 0.0408 0.971 0.000 -0.017 0.103 0.105 0.146 
 0.0458 0.982 0.000 -0.019 0.093 0.111 0.131 
 0.0558 1.000 0.000 -0.020 0.084 0.117 0.117 
 0.0658 1.013 0.000 -0.017 0.068 0.049 0.096 
 0.0758 1.034 0.000 -0.020 0.068 0.087 0.098 
 0.0858 1.050 0.000 -0.021 0.059 0.068 0.091 
 0.0958 1.054 0.000 -0.014 0.051 0.041 0.083 
 0.1058 1.060 0.000 -0.008 0.048 0.028 0.083 
 0.1158 1.063 0.000 -0.002 0.048 0.022 0.086 
 0.1358 1.064 0.000 0.008 0.048 0.018 0.086 
 0.1558 1.062 0.000 0.012 0.054 0.019 0.101 
 0.1758 1.063 0.000 0.033 0.052 0.021 0.111 
  0.1958 1.072 0.000   0.047 0.025   
0.25 (180) 0.0058 0.811 0.000 0.013 0.116 0.125 0.154 
 0.0068 0.827 0.000 0.015 0.113 0.122 0.150 
 0.0078 0.843 0.000 0.014 0.109 0.120 0.150 
 0.0088 0.855 0.000 0.015 0.109 0.126 0.145 
 0.0108 0.872 0.000 0.013 0.106 0.126 0.139 
 0.0128 0.886 0.000 0.013 0.103 0.125 0.139 
 0.0158 0.910 0.000 0.013 0.101 0.125 0.134 
 0.0188 0.931 0.000 0.013 0.094 0.122 0.130 
 0.0218 0.942 0.000 0.013 0.094 0.121 0.128 
 0.0258 0.960 0.000 0.011 0.088 0.119 0.125 
 0.0308 0.975 0.000 0.011 0.085 0.110 0.120 
 0.0358 0.985 0.000 0.009 0.085 0.111 0.118 
 0.0408 1.002 0.000 0.009 0.085 0.107 0.113 
 0.0458 1.010 0.000 0.009 0.082 0.106 0.110 
 0.0558 1.020 0.000 0.009 0.077 0.092 0.106 
 0.0658 1.038 0.000 0.011 0.067 0.072 0.102 
 0.0758 1.049 0.000 0.007 0.065 0.076 0.104 
 0.0858 1.050 0.000 0.005 0.057 0.031 0.094 
 0.0958 1.057 0.000 0.005 0.055 0.025 0.096 
 0.1058 1.059 0.000 0.006 0.054 0.024 0.098 
 0.1158 1.059 0.000 0.009 0.055 0.023 0.100 
 0.1358 1.059 0.000 0.017 0.059 0.021 0.104 
 0.1558 1.055 0.000 0.018 0.059 0.022 0.112 
 0.1758 1.053 0.000 0.043 0.059 0.023 0.136 
  0.1958 1.061 0.000   0.055 0.025   
0.335 0.0058 0.836 0.016 -0.006 0.120 0.125 0.156 
 0.0068 0.854 0.018 -0.006 0.115 0.116 0.148 
 0.0078 0.866 0.017 -0.007 0.114 0.119 0.146 
 0.0088 0.876 0.014 -0.009 0.113 0.121 0.145 
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 0.0108 0.898 0.016 -0.008 0.110 0.123 0.141 
 0.0128 0.917 0.016 -0.009 0.106 0.118 0.137 
 0.0158 0.939 0.014 -0.012 0.103 0.121 0.134 
 0.0188 0.963 0.016 -0.013 0.097 0.115 0.127 
 0.0218 0.975 0.014 -0.013 0.095 0.113 0.124 
 0.0258 0.998 0.013 -0.015 0.087 0.100 0.118 
 0.0308 1.017 0.012 -0.016 0.085 0.106 0.116 
 0.0358 1.033 0.009 -0.017 0.088 0.106 0.115 
 0.0408 1.047 0.009 -0.018 0.088 0.109 0.115 
 0.0458 1.055 0.008 -0.019 0.088 0.106 0.118 
 0.0558 1.068 0.005 -0.020 0.075 0.094 0.107 
 0.0658 1.070 0.002 -0.013 0.054 0.037 0.095 
 0.0758 1.070 0.000 -0.023 0.065 0.056 0.103 
 0.0858 1.067 0.001 -0.011 0.053 0.033 0.094 
 0.0958 1.064 -0.001 -0.004 0.078 0.028 0.123 
 0.1058 1.056 -0.006 -0.007 0.057 0.025 0.099 
 0.1158 1.052 -0.009 -0.006 0.058 0.023 0.101 
 0.1358 1.043 -0.018 -0.006 0.056 0.022 0.098 
 0.1558 1.041 -0.024 -0.021 0.057 0.023 0.127 
 0.1758 1.040 -0.029 0.001 0.059 0.023 0.106 
  0.1958 1.042 -0.038   0.054 0.023   
0.42 0.0058 0.620 -0.010 0.111 0.452 0.144 1.148 
 0.0068 0.626 -0.012 0.090 0.457 0.145 1.090 
 0.0078 0.650 -0.011 0.139 0.434 0.138 1.105 
 0.0088 0.581 -0.025 -0.057 0.537 0.153 1.077 
 0.0108 0.676 -0.010 0.111 0.445 0.142 1.050 
 0.0128 0.626 -0.017 0.082 0.542 0.156 1.124 
 0.0158 0.598 -0.029 -0.018 0.582 0.162 1.147 
 0.0188 0.660 -0.022 0.015 0.533 0.153 1.107 
 0.0218 0.657 -0.027 -0.012 0.547 0.155 1.138 
 0.0258 0.617 -0.036 -0.050 0.606 0.165 1.179 
 0.0308 0.692 -0.029 -0.012 0.570 0.155 1.179 
 0.0358 0.673 -0.029 -0.007 0.598 0.162 1.194 
 0.0408 0.667 -0.029 -0.026 0.612 0.162 1.185 
 0.0458 0.654 -0.036 -0.060 0.642 0.170 1.228 
 0.0558 0.671 -0.041 -0.114 0.608 0.158 1.175 
 0.0658 0.946 -0.006 0.042 0.296 0.079 0.815 
 0.0758 0.859 -0.021 -0.052 0.457 0.117 0.958 
 0.0858 0.817 -0.030 -0.091 0.528 0.133 0.995 
 0.0958 0.805 -0.032 -0.107 0.547 0.138 0.990 
 0.1058 0.887 -0.027 -0.059 0.444 0.112 0.866 
 0.1158 0.953 -0.023 -0.025 0.339 0.085 0.757 
 0.1358 1.018 -0.018 0.006 0.131 0.039 0.363 
 0.1558 0.978 -0.027 -0.003 0.137 0.043 0.588 
 0.1758 0.920 -0.042 -0.019 0.231 0.065 0.807 
  0.1958 0.770 -0.070   0.486 0.133   
 
D.2.4 Summary 
In the asymmetrical rectangular channel, a phenomenon of velocity dip was observed, in which the 
maximum velocity Vmax at each transverse location was observed at a vertical elevation ZVmax/d < 1, 
where d is the depth of flow. The dip in velocity profile was linked to secondary current motion. 
Table C-3 regroups experimental observations, including the cross-sectional averaged velocity: 
Vmean = Q/A, the maximum velocity Vmax and corresponding elevation ZVmax at the transverse 
elevation y. 
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Table C-3 - Distribution of maximum longitudinal velocities as a function of the transversal 
distance for range of flow rates and longitudinal locations 
 
Q x y d Vmean Vmax ZVmax y/B Vmax/Vmean ZVmax/d 
(m3/s) (m) (m) (m) (m/s) (m/s)  (m)     
0.0261 8 0.0016 0.0925 0.592 0.351 0.0188 0.0032 0.593 0.203 
  0.013 0.0925  0.428 0.0358 0.026 0.724 0.387 
  0.03 0.0925  0.492 0.0308 0.06 0.832 0.333 
  0.065 0.0925  0.564 0.0716 0.13 0.954 0.774 
  0.08 0.0925  0.648 0.0228 0.16 1.096 0.246 
  0.165 0.0925  0.777 0.0858 0.33 1.314 0.928 
  0.25 0.0925  0.707 0.0866 0.5 1.195 0.936 
  0.335 0.0925  0.725 0.0708 0.67 1.226 0.765 
  0.42 0.0925  0.677 0.0708 0.84 1.145 0.765 
  0.47 0.0925  0.569 0.0716 0.94 0.962 0.774 
    0.4984 0.0925   0.343 0.0866 0.9968 0.580 0.936 
0.0556 1.9 0.0016 0.166 0.691 0.498 0.0168 0.0032 0.721 0.101 
  0.0016 0.166  0.442 0.1528 0.0032 0.640 0.921 
  0.013 0.166  0.53 0.0358 0.026 0.767 0.216 
  0.03 0.166  0.602 0.0308 0.06 0.872 0.186 
  0.03 0.166  0.714 0.1528 0.06 1.034 0.921 
  0.065 0.166  0.751 0.1516 0.13 1.087 0.913 
  0.08 0.166  0.749 0.1358 0.16 1.084 0.818 
  0.165 0.166  0.748 0.1458 0.33 1.083 0.878 
  0.25 0.166  0.77 0.1566 0.5 1.115 0.943 
  0.335 0.166  0.74 0.1558 0.67 1.071 0.939 
  0.42 0.166  0.758 0.1558 0.84 1.097 0.939 
  0.47 0.166  0.717 0.1516 0.94 1.038 0.913 
    0.4984 0.166   0.454 0.0516 0.9968 0.657 0.311 
0.0556 8 0.0016 0.147 0.783 0.437 0.0218 0.0032 0.558 0.148 
  0.0016 0.147  0.495 0.1041 0.0032 0.632 0.708 
  0.013 0.147  0.569 0.0258 0.026 0.727 0.176 
  0.03 0.147  0.656 0.0308 0.06 0.838 0.210 
  0.03 0.147  0.671 0.1241 0.06 0.857 0.844 
  0.065 0.147  0.741 0.0816 0.13 0.946 0.555 
  0.08 0.147  0.794 0.0858 0.16 1.014 0.584 
  0.165 0.147  0.899 0.1358 0.33 1.148 0.924 
  0.25 0.147  0.902 0.1316 0.5 1.152 0.895 
  0.335 0.147  0.903 0.0758 0.67 1.153 0.516 
  0.42 0.147  0.844 0.0958 0.84 1.078 0.652 
  0.47 0.147  0.747 0.0816 0.94 0.954 0.555 
    0.4984 0.147   0.533 0.0816 0.9968 0.681 0.555 
0.0556 11.9 0.0016 0.128 0.904 0.489 0.0218 0.0032 0.541 0.170 
  0.0016 0.128  0.48 0.1163 0.0032 0.531 0.909 
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  0.013 0.128  0.638 0.0308 0.026 0.706 0.241 
  0.03 0.128  0.715 0.0308 0.06 0.791 0.241 
  0.03 0.128  0.76 0.1183 0.06 0.841 0.924 
  0.065 0.128  0.869 0.0716 0.13 0.961 0.559 
  0.08 0.128  0.891 0.0758 0.16 0.986 0.592 
  0.165 0.128  0.983 0.0958 0.33 1.087 0.748 
  0.25 0.128  1.045 0.1216 0.5 1.156 0.950 
  0.335 0.128  1.002 0.0958 0.67 1.108 0.748 
  0.42 0.128  0.924 0.0958 0.84 1.022 0.748 
  0.47 0.128  0.88 0.0616 0.94 0.973 0.481 
    0.4984 0.128   0.581 0.0616 0.9968 0.643 0.481 
0.100 8 0.0016 0.205 1.0 0.559 0.0258 0.0032 0.559 0.126 
  0.0016 0.205  0.598 0.1636 0.0032 0.598 0.798 
  0.013 0.205  0.654 0.0308 0.026 0.654 0.150 
  0.03 0.205  0.755 0.0308 0.06 0.755 0.150 
  0.03 0.205  0.977 0.1736 0.06 0.977 0.847 
  0.065 0.205  1.052 0.1716 0.13 1.052 0.837 
  0.08 0.205  1.054 0.1958 0.16 1.054 0.955 
  0.165 0.205  1.063 0.1958 0.33 1.063 0.955 
  0.25 0.205  1.113 0.1966 0.5 1.113 0.959 
  0.335 0.205  1.07 0.0658 0.67 1.070 0.321 
  0.42 0.205  1.018 0.1358 0.84 1.018 0.662 
  0.47 0.205  0.975 0.0916 0.94 0.975 0.447 
    0.4984 0.205   0.63 0.1116 0.9968 0.630 0.544 
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D.3 GRAPHICAL RESULTS 
  
(A) Q = 0.0261 m3/s, x = 8 m 
 
(B) Q = 0.556 m3/s, x = 1.9 m 
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(C) Q = 0.0556 m3/s, x = 8 m 
 
(D) Q = 0.0556 m3/s, x = 11.9 m  
  
(E) Q = 0.100 m3/s, x = 8 m 
Fig. D-1 - Longitudinal velocity distributions in the channel with the sidewall streamwise rib for 
different flow rates and longitudinal locations – Left: contour plots; Right: vertical distributions 
 
D-33 
 
(A) Q = 0.0261 m3/s, x = 8 m 
 
(B) Q = 0.0556 m3/s, x = 1.9 m 
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(C) Q = 0.0556 m3/s, x = 8 m 
 
(D) Q = 0.0556 m3/s, x = 11.9 m 
 
(E) Q = 0.100 m3/s, x = 11.9 m 
Fig. D-2 - Time-averaged transverse and vertical velocity contours measured for a range of flow 
rates and longitudinal locations – Left: transverse velocity; Right: vertical velocity 
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(A) Q = 0.0261m3/s, x = 8 m 
D-36 
 
(B) Q = 0.0556 m3/s, x = 1.9 m 
 
(C) Q = 0.0556 m3/s, x = 8 m 
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(D) Q = 0.0556 m3/s, x = 11.9 m 
D-38 
 
(E) Q = 0.100 m3/s, x = 8 m 
Fig. D-3 - Velocity fluctuations measured for a range of flow rates and longitudinal locations – 
from left to right: longitudinal velocity fluctuation, transverse velocity fluctuation and vertical 
velocity fluctuation 
 
    
(A) Maximum velocity Vmax/Vmean (B) Elevation to the maximum velocity ZVmax/d 
Fig. D-4 - Distribution of maximum longitudinal velocities as a function of the transversal distance 
in the ribbed channel 
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APPENDIX E - BOUNDARY SHEAR STRESS MEASUREMENTS IN AN 
ASYMMETRICAL RECTANGULAR CHANNEL WITH SIDEWALL 
STREAMWISE RIB 
E.1 PRESENTATION 
Detailed boundary shear stress measurements were conducted in the Hydraulics Laboratory of the 
Advanced Engineering Building (AEB) at the University of Queensland (UQ). A Prandtl-Pitot Tube 
and roving Preston tube (RPT) were used to measure the shear stress (i.e. skin friction) on the 
channel boundary. The calibration is presented in Appendix B. Velocity measurements were 
conducted with the instruments lying onto the bed and wall of the flume and rib (Fig. E-1), and the 
recorded velocity measurements were used to derive the boundary shear stress. The measurements 
were conducted in a 15 m long and 0.5 m wide flume with a streamwise rib installed on the right 
sidewall for 1 m < x < 13 m, where x is the longitudinal distance from the upstream end of the 
channel. The boundary shear stress measurements were performed at three different longitudinal 
locations: x = 1.9 m, 8 m and 11.9 m for one flow rate: Q = 0.0556 m3/s to investigate the effects of 
flow development. Measurements were also conducted at x = 8 m, where the flow field was fully 
developed, for three different flow rates: Q = 0.0261 m3/s, 0.0556 m3/s and 0.100 m3/s. 
The tabular data are reported in section E.2. A definition sketch is presented in Figure E-2. The 
graphical results are presented in Figure E-3, showing the boundary shear stress profiles for a range 
of different flow rates and longitudinal locations (section E.3). In Figure E-2, the top figure with 
black symbols is based on a Prandtl mixing length model (Eq. (B-9)). The bottom figure with 
hollow symbols assumes that the tubes are within the wall region (Eq. (B-10)). 
For completeness, shear stress measurements could not be conducted along the bottom surface of 
the rib, i.e. -0.1 m < y" < -0.05 m. And the RPT could not touch the glass sidewall beneath the rib: 
i.e., for -0.05 m < y" < 0 m, the RPT was positioned a couple of millimetres away from the wall. 
 
 
Fig. E-1 - Definition sketch of the ribbed channel looking upstream 
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E.2 EXPERIMENTAL RESULTS 
 
Q = 0.0261 m3/s Q = 0.0556 m3/s 
x = 8 m x = 1.9 m 
y z Eq. (A-9) Eq. (A-10) y z Eq. (A-9) Eq. (A-10) 
(m) (m) Pa Pa (m) (m) Pa Pa 
Prandtl-Pitot Tube Prandtl-Pitot Tube 
0.50 0.00159 0.224 0.373 0.49841 0 0.272 0.440 
 0.00209 0.192 0.328 0.49000  0.495 0.732 
 0.00259 0.208 0.351 0.48000  0.623 0.891 
 0.00309 0.224 0.373 0.46000  0.687 0.968 
 0.00359 0.240 0.396 0.44000  0.559 0.812 
 0.00411 0.224 0.373 0.41000  0.639 0.910 
 0.00459 0.240 0.396 0.38000  0.655 0.930 
 0.00559 0.256 0.418 0.35000  0.687 0.968 
 0.00659 0.256 0.418 0.32000  0.639 0.910 
 0.00759 0.240 0.396 0.29000  0.719 1.007 
 0.00859 0.240 0.396 0.26000  0.639 0.910 
 0.01059 0.272 0.440 0.25000  0.639 0.910 
 0.01259 0.272 0.440 0.23000  0.559 0.812 
 0.0146 0.287 0.461 0.20000  0.623 0.891 
 0.01659 0.303 0.483 0.17000  0.527 0.772 
 0.01859 0.303 0.483 0.14000  0.655 0.930 
 0.02159 0.303 0.483 0.11000  0.751 1.045 
 0.02659 0.303 0.483 0.08000  0.735 1.026 
 0.03159 0.303 0.483 0.05500   0.639 0.910 
 0.0366 0.319 0.505 0.50000 0.00159 0.335 0.526 
 0.0416 0.335 0.526   0.00209 0.319 0.505 
 0.05159 0.335 0.526   0.00259 0.367 0.568 
 0.06159 0.335 0.526   0.00359 0.383 0.589 
 0.07159 0.335 0.526   0.00459 0.415 0.630 
 0.08159 0.367 0.568   0.00659 0.447 0.671 
  0.08659 0.383 0.589   0.00859 0.463 0.692 
0.05 0.05309 0.447 0.671   0.01059 0.479 0.712 
 0.05811 0.511 0.752   0.01259 0.495 0.732 
 0.06313 0.527 0.772   0.01459 0.511 0.752 
 0.07309 0.495 0.732   0.01759 0.511 0.752 
 0.08311 0.463 0.692   0.02159 0.511 0.752 
  0.08809 0.415 0.630   0.02659 0.527 0.772 
0.500 0 0.224 0.373   0.03159 0.559 0.812 
0.490  0.335 0.526   0.03659 0.591 0.852 
0.480  0.367 0.568   0.04159 0.639 0.910 
0.460  0.383 0.589   0.05159 0.671 0.949 
0.440  0.351 0.547   0.06159 0.655 0.930 
0.410  0.447 0.671   0.07159 0.639 0.910 
0.380  0.495 0.732   0.08159 0.639 0.910 
0.350  0.463 0.692   0.09159 0.559 0.812 
0.320  0.527 0.772   0.10159 0.559 0.812 
0.290  0.559 0.812   0.11159 0.575 0.832 
0.260  0.607 0.871   0.12159 0.607 0.871 
0.250  0.575 0.832   0.13159 0.639 0.910 
0.230  0.559 0.812   0.14159 0.623 0.891 
0.200  0.495 0.732   0.15159 0.655 0.930 
0.170  0.415 0.630   0.15659 0.655 0.930 
0.140  0.383 0.589 0.05000 0.05209 0.815 1.120 
0.110  0.463 0.692   0.06209 0.799 1.102 
0.080  0.415 0.630   0.07209 0.783 1.083 
0.055   0.351 0.547   0.08209 0.783 1.083 
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RPT   0.09209 0.703 0.987 
0 0.00081 0.228 0.382   0.09909 0.671 0.949 
 0.00586 0.285 0.460 0.00159 0.100 0.287 0.461 
 0.01087 0.285 0.460 0.01000  0.495 0.732 
 0.02084 0.318 0.504 0.02000  0.591 0.852 
 0.02582 0.350 0.547 0.03000  0.655 0.930 
 0.03086 0.358 0.557 0.04000  0.719 1.007 
  0.03585 0.383 0.589 0.04800   0.910 1.232 
0.250 0 0.521 0.763 0.00000 0.10283 0.367 0.568 
0.230  0.513 0.753   0.10333 0.383 0.589 
0.200  0.480 0.713   0.10383 0.399 0.610 
0.170  0.432 0.651   0.10483 0.399 0.610 
0.140  0.423 0.641   0.10583 0.399 0.610 
0.110  0.456 0.682   0.10783 0.431 0.651 
0.080  0.432 0.651   0.10983 0.479 0.712 
0.055  0.366 0.568   0.11283 0.511 0.752 
0.050  0.358 0.557   0.11583 0.527 0.772 
0.040  0.318 0.504   0.11883 0.575 0.832 
0.030  0.285 0.460   0.12283 0.575 0.832 
0.020  0.269 0.438   0.12783 0.559 0.812 
0.010   0.277 0.449   0.13283 0.575 0.832 
      0.14283 0.591 0.852 
      0.15283 0.639 0.910 
      0.15783 0.639 0.910 
    RPT 
    0.25000 0.00000 0.634 0.904 
    0.23000  0.625 0.894 
    0.20000  0.589 0.850 
    0.17000  0.507 0.750 
    0.14000  0.661 0.937 
    0.11000  0.752 1.044 
    0.08000  0.734 1.023 
    0.05500  0.625 0.894 
    0.05000  0.589 0.850 
    0.04000  0.516 0.761 
    0.03000  0.453 0.682 
    0.02000  0.462 0.693 
    0.01000  0.453 0.682 
    0.00081   0.389 0.601 
    0.00000 0.00081 0.389 0.601 
      0.00581 0.480 0.716 
      0.01081 0.534 0.783 
      0.02081 0.598 0.861 
      0.02581 0.625 0.894 
      0.03081 0.625 0.894 
      0.03581 0.652 0.926 
Q = 0.0556 m3/s Q = 0.0556 m3/s 
x = 8 m x = 11.9 m 
y z Eq. (A-9) Eq. (A-10) y z Eq. (A-9) Eq. (A-10) 
(m) (m) Pa Pa (m) (m) Pa Pa 
Prandtl-Pitot Tube Prandtl-Pitot Tube 
0.49841 0 0.256 0.418 0.49841 0 0.575 0.832 
0.49000  0.431 0.651 0.49000  0.751 1.045 
0.48000  0.543 0.792 0.48000  0.958 1.288 
0.46000  0.607 0.871 0.46000  1.070 1.416 
0.44000  0.751 1.045 0.44000  1.070 1.416 
0.41000  0.815 1.120 0.41000  1.022 1.361 
0.38000  0.767 1.064 0.38000  1.102 1.452 
0.35000  0.862 1.177 0.35000  1.246 1.613 
0.32000  0.894 1.214 0.32000  1.278 1.649 
0.29000  0.990 1.325 0.29000  1.294 1.667 
0.26000  0.958 1.288 0.26000  1.310 1.684 
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0.25000  0.799 1.102 0.25000  1.294 1.667 
0.23000  0.894 1.214 0.23000  1.278 1.649 
0.20000  0.735 1.026 0.20000  1.182 1.542 
0.17000  0.831 1.139 0.17000  1.134 1.488 
0.14000  0.894 1.214 0.14000  1.198 1.560 
0.11000  0.910 1.232 0.11000  1.198 1.560 
0.08000  0.862 1.177 0.08000  1.150 1.506 
0.05500   0.719 1.007 0.05500   1.006 1.343 
0.50000 0.00159 0.224 0.373 0.50000 0.00159 0.575 0.832 
 0.00259 0.287 0.461   0.00209 0.559 0.812 
 0.00459 0.319 0.505   0.00259 0.607 0.871 
 0.00759 0.415 0.630   0.00359 0.639 0.910 
 0.01159 0.447 0.671   0.00459 0.687 0.968 
 0.01659 0.479 0.712   0.00659 0.751 1.045 
 0.02159 0.511 0.752   0.00859 0.815 1.120 
 0.03159 0.575 0.832   0.01059 0.831 1.139 
 0.04160 0.639 0.910   0.01259 0.862 1.177 
 0.05161 0.671 0.949   0.01459 0.878 1.195 
 0.06159 0.687 0.968   0.01759 0.894 1.214 
 0.07159 0.671 0.949   0.02159 0.926 1.251 
 0.08159 0.703 0.987   0.02659 0.974 1.306 
 0.09159 0.703 0.987   0.03159 1.006 1.343 
 0.10159 0.703 0.987   0.03659 1.038 1.379 
 0.11159 0.639 0.910   0.04159 1.038 1.379 
 0.12159 0.575 0.832   0.05159 1.070 1.416 
 0.13159 0.543 0.792   0.06159 1.102 1.452 
  0.14159 0.511 0.752   0.07159 1.102 1.452 
0.05 0.05353 0.910 1.232   0.08159 1.070 1.416 
 0.06355 0.926 1.251   0.09159 1.006 1.343 
 0.07356 1.070 1.416   0.10159 0.990 1.325 
 0.08353 1.054 1.398   0.11159 0.990 1.325 
 0.09355 0.990 1.325   0.12159 0.958 1.288 
  0.10053 0.942 1.269 0.05 0.05209 1.278 1.649 
0.00159 0.10000 0.383 0.589   0.06209 1.342 1.720 
0.01000  0.671 0.949   0.07209 1.421 1.807 
0.02000  0.703 0.987   0.08209 1.421 1.807 
0.03000  0.735 1.026   0.09209 1.374 1.755 
0.04000  0.815 1.120   0.09909 1.198 1.560 
0.05000   0.862 1.177 0.00159 0.1 0.495 0.732 
0.00000 0.10410 0.383 0.589 0.01000  0.687 0.968 
 0.11414 0.543 0.792 0.02000  0.846 1.158 
 0.12411 0.607 0.871 0.03000  1.006 1.343 
 0.13410 0.543 0.792 0.04000  1.102 1.452 
  0.14310 0.511 0.752 0.04800   1.182 1.542 
RPT 0.00000 0.10329 0.495 0.732 
0.25000 0.00000 0.893 1.212   0.10379 0.511 0.752 
0.23000  0.903 1.223   0.10429 0.543 0.792 
0.20000  0.807 1.112   0.10529 0.591 0.852 
0.17000  0.768 1.067   0.10629 0.607 0.871 
0.14000  0.865 1.179   0.10829 0.639 0.910 
0.11000  0.903 1.223   0.11029 0.671 0.949 
0.08000  0.836 1.145   0.11229 0.623 0.891 
0.05500  0.749 1.044   0.11429 0.703 0.987 
0.05000  0.692 0.976   0.11629 0.751 1.045 
0.04000  0.634 0.907   0.11829 0.751 1.045 
0.03000  0.538 0.790   0.12029 0.735 1.026 
0.02000  0.490 0.730   0.12329 0.719 1.007 
0.01000  0.480 0.718 RPT 
0.00081   0.327 0.520 0.25000 0.00000 1.278 1.648 
0.00000 0.00081 0.327 0.520 0.23000  1.244 1.611 
 0.00584 0.442 0.670 0.20000  1.165 1.523 
 0.01085 0.500 0.742 0.17000  1.165 1.523 
E-5 
 0.02084 0.615 0.884 0.14000  1.222 1.586 
 0.02585 0.634 0.907 0.11000  1.199 1.561 
  0.03089 0.672 0.953 0.08000  1.154 1.511 
    0.05500  0.984 1.320 
    0.05000  0.961 1.295 
    0.04000  0.848 1.165 
    0.03000  0.746 1.046 
    0.02000  0.667 0.951 
    0.01000  0.633 0.911 
    0.00081   0.509 0.758 
    0.00000 0.00081 0.509 0.758 
      0.00581 0.611 0.883 
      0.01081 0.735 1.032 
      0.02081 0.871 1.191 
      0.02581 0.905 1.230 
      0.03081 0.927 1.256 
      0.03581 0.961 1.295 
Q = 0.100 m3/s 
x = 8 m 
y z Eq. (A-9) Eq. (A-10) 
(m) (m) Pa Pa 
Prandtl-Pitot Tube 
0.49841 0 0.543 0.792 
0.49000  0.990 1.325 
0.48000  1.102 1.452 
0.46000  1.102 1.452 
0.44000  1.150 1.506 
0.41000  1.310 1.684 
0.38000  1.485 1.877 
0.35000  1.597 1.998 
0.32000  1.613 2.016 
0.29000  1.533 1.929 
0.26000  1.469 1.860 
0.25000  1.421 1.807 
0.23000  1.342 1.720 
0.20000  1.134 1.488 
0.17000  1.150 1.506 
0.14000  1.294 1.667 
0.11000  1.310 1.684 
0.08000  1.214 1.578 
0.05500   1.102 1.452 
0.50000 0.00159 0.639 0.910 
 0.00259 0.687 0.968 
 0.00359 0.767 1.064 
 0.00459 0.767 1.064 
 0.00659 0.751 1.045 
 0.00859 0.767 1.064 
 0.01159 0.831 1.139 
 0.01459 0.878 1.195 
 0.01759 0.910 1.232 
 0.02159 0.958 1.288 
 0.02659 1.022 1.361 
 0.03159 1.054 1.398 
 0.03659 1.118 1.470 
 0.04159 1.150 1.506 
 0.05159 1.230 1.596 
 0.06159 1.262 1.631 
 0.07159 1.278 1.649 
 0.08159 1.294 1.667 
 0.09159 1.294 1.667 
 0.10159 1.278 1.649 
 0.11159 1.294 1.667 
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 0.13159 1.246 1.613 
 0.15159 1.214 1.578 
 0.17159 1.022 1.361 
 0.19159 0.990 1.325 
  0.19659 1.038 1.379 
0.05 0.05309 1.214 1.578 
 0.06309 1.437 1.825 
 0.07309 1.517 1.912 
 0.08309 1.501 1.895 
 0.09309 1.437 1.825 
  0.10009 1.358 1.737 
0.00159 0.10000 0.591 0.852 
0.01000  1.038 1.379 
0.02000  1.182 1.542 
0.03000  1.310 1.684 
0.04000  1.405 1.790 
0.04900   1.453 1.842 
0.00000 0.10361 0.703 0.987 
 0.10461 0.862 1.177 
 0.10561 0.751 1.045 
 0.10661 0.767 1.064 
 0.10861 0.815 1.120 
 0.11061 0.878 1.195 
 0.11361 0.894 1.214 
 0.11661 0.942 1.269 
 0.11961 0.942 1.269 
 0.12361 1.070 1.416 
 0.12861 1.022 1.361 
 0.13361 1.038 1.379 
 0.13861 1.054 1.398 
 0.14361 1.102 1.452 
 0.15361 1.150 1.506 
 0.16361 1.166 1.524 
 0.17361 1.150 1.506 
 0.18361 1.150 1.506 
  0.19361 1.150 1.506 
RPT 
0.25000 0.00000 1.407 1.789 
0.23000  1.339 1.715 
0.20000  1.125 1.480 
0.17000  1.159 1.518 
0.14000  1.283 1.654 
0.11000  1.328 1.703 
0.08000  1.238 1.605 
0.05500  1.047 1.392 
0.05000  1.002 1.341 
0.04000  0.878 1.200 
0.03000  0.799 1.108 
0.02000  0.720 1.015 
0.01000  0.698 0.988 
0.00081   0.484 0.727 
0.00000 0.00081 0.484 0.727 
 0.00581 0.585 0.852 
 0.01081 0.731 1.029 
 0.02081 0.889 1.213 
 0.02581 0.912 1.238 
 0.03081 0.945 1.277 
  0.03581 0.979 1.316 
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E.3 GRAPHICAL RESULTS 
 
 
Fig. E-2 - Definition sketch of the wetted perimeter in the ribbed channel, looking upstream 
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(A) Q = 0.0261 m3/s, x = 8 m 
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(B) Q = 0.0556 m3/s, x = 1.9 m 
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(C) Q = 0.0556 m3/s, x = 8 m 
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(D) Q = 0.0556 m3/s, x = 1.9 m 
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(E) Q = 0.100 m3/s, x = 8 m 
Fig. E-3 - Boundary shear stress profiles for a range of different flow rates and longitudinal 
locations – The top figure with black symbols is based on a Prandtl mixing length model (Eq. (B-
9)); the bottom figure with hollow symbols assumes that the tubes are within the wall region (Eq. 
(B-10)) 
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APPENDIX F - CRITICAL FLOW CONDITIONS IN AN ASYMMETRICAL 
RECTANGULAR CHANNEL WITH SIDEWALL STREAMWISE RIB (BY H. 
CHANSON) 
F.1 PRESENTATION 
First developed by BELANGER (1828), the notion of critical flow conditions was associated to the 
minimum in specific energy by BAKHMETEFF (1912,1932). For an open channel assuming 
hydrostatic pressure and uniform velocity distribution, the specific energy equals: 
 
2
meanVE d cos 2 g     (F-1) 
with d the water depth,  the angle between the channel bed and horizontal, Vmean the cross-section 
averaged velocity and g the gravity acceleration.  
The flow conditions at minimum specific energy equation, i.e. critical flow conditions, satisfy: 
 
Q cons tan t
E 0d 
      (F-2) 
For an irregular channel, Equation (F-2) yields: 
 
2
3
Q1 0Ag b
 

 (F-3) 
at critical flow conditions, with Q the discharge, A the flow cross-section area and b the free-surface 
width (Fig. F-1). 
 
 
Fig. F-1 - Definition sketch of asymmetrical rectangular channel with streamwise rib along sidewall 
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F.2 APPLICATION TO AN ASYMMETRICAL RECTANGULAR CHANNEL 
In the present study, steady turbulent flows were investigated in an asymmetrical rectangular 
channel (Fig. F-1). The relevant flow cross-section area and free-surface width are: 
 A B d    &  b B  d < ZR  (F-4) 
 R RA B d (d Z ) l       &  Rb B l   ZR < d < ZR+hR  (F-5) 
 R RA B d h l      &  b B  d > ZR+hR  (F-6) 
where B is the channel width ZR is the rib elevation above the bed, hR is the rib height, lR is the rib 
breadth, (Fig. F-1). 
With this channel geometry, three flow conditions may occur depending upon the flow depth and 
rib geometry: (I) d < ZR, (II) ZR < d < ZR+hR, and (III-IV) d > ZR+hR. The first case, d < ZR, is 
trivial since the channel is rectangular. The analytical solution of the critical depth for Regime II is: 
 
2
R R R3c 2R
l Z l1 Qd 1l B Bg B1 B
            
 (F-7) 
For Regimes III-IV, the critical flow depth solution equals: 
 
2
R R 3c 2
h l Qd B g B
    (F-8) 
All the results are summarised in Table F-1. 
 
Table F-1 - Free-surface width, cross-section area, wetted perimeter and critical depth in an 
asymmetrical rectangular channel 
 
 Regime I Regime II Regimes III-IV 
Free-surface width b B RB l  B  
Cross-section area A Bd R RB d (d Z ) l     R RB d h l    
Wetted perimeter Pw B + 2d B + d + ZR + lR + (d-ZR) B + d + ZR + 2lR + hR + 
(d-(ZR+hR)) 
Critical depth dc 2
3 2
Q
g B  
2
R R R3 2R
l Z l1 Q1l B Bg B1 B
           
 
2
R R 3 2
h l Q
B g B
    
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APPENDIX G - SECONDARY CURRENTS IN RECTANGULAR CHANNEL 
CORNERS (BY H. CHANSON) 
G.1 PRESENTATION 
In rectangular channels, secondary currents originate at the channel boundaries because of 
turbulence anisotropy. They are referred to as secondary currents of Prandtl's second kind or "corner 
flows" (PRANDTL 1926,1952, PERKINS 1970). Secondary flows are at right angle with the main 
stream direction. The secondary flows redistribute momentum across the channel (BRADSHAW 
1987, RODRIGUEZ and GARCIA 2008). The downflow motion transports high momentum fluid 
toward the bottom resulting in an incursion of the higher velocities into regions close to the bed and 
an associated increase in the bed shear stresses. The upflows transport momentum away from the 
bottom into the water column and reduces the bed shear stresses. These variations in the bed shear 
stress are of the order of 20% of the cross-sectional averaged value in symmetrical rectangular 
channels. Figure G-1 shows typical secondary motion in a symmetrical rectangular channel. Narrow 
channels present strong secondary circulation patterns and, as a result, the maximum velocities 
occur below the water surface, i.e. a phenomenon called "velocity dip" (GIBSON 1909, CHOW 
1959, NAOT and RODI 1982). 
 
 
Fig. G-1 - Secondary currents of Prandtl's second kind in a rectangular channel 
 
In a channel corner, a transverse flow is initiated and directed towards the corner as a direct result 
of turbulent shear stress gradients normal to the bisector (GESSNER 1973). The interactions 
between the transverse shear gradient along the corner bisector and longitudinal flow motion induce 
energy losses, which must be compensated by some transverse flow, bringing a net influx of energy 
in control volumes along the corner bisector (Fig. G-2). Defining z' the transverse coordinate 
G-2 
normal to the bisector (Fig. G-2), the component of velocity fluctuations along z' is vz' = (vx-
vy)/ 2 . Hence, in Figure G-2, the turbulent stress vxvz' is a combination of the tangential stress vxvy 
and vxvz: 
 x z x yx z '
v v v vv v 2
   (G-1) 
 
 
Fig. G-2 - Secondary current in corner flows: internal corner (Left) and external corner (Right), 
looking downstream (derived from GESSNER 1973) 
 
The production of turbulence-induced secondary currents in a straight channel flow may be 
explained by the longitudinal vorticity equation (TOMINAGA et al. 1989). The longitudinal 
vorticity equation in fully-developed turbulent flow is given as (GERARD 1978): 
   2 22 2 2' 2 ' 2x x x xz y z y y z2 2 2 2V V v v v vz y z y y z z y                                  (G-2) 
where x is the vorticity component in the x-direction: 
 y zx
V V
z y
      (G-3) 
and  and  are the fluid density and dynamic viscosity. In Equation (G-2), the first term on the 
right-hand side is the vorticity production terms, and the last term is a viscous term, often neglected 
except very close to the wall. After re-arrangement, one found that the structure of the secondary 
current is determined by the distribution of (vy'2 - vz'2) (GERARD 1978, TOMINAGA et al. 1989). 
Indeed the transverse distribution of the difference (vy'2 - vz'2) of the normal stresses plays an 
essentially important role, as pointed out by EINSTEIN and LI (1956) and PERKINS (1970). 
When the convection and diffusion terms are small compared to the production term, Equation (G-
G-3 
2) may reduce to (GERARD 1878): 
  2 2 2' 2 ' 2z y y z2 2v v v v 0z y y z             (G-4) 
In turbulent flows, secondary currents will develop spontaneously, particularly when the term (vy'2 - 
vz'2) has values different from zero. This may be expected to occur particularly near the frictional 
boundary where the lines of constant velocity are not parallel (EINSTEIN and LI 1956). Based 
upon stream function consideration, GERARD (1978) stated that stream function contour lines 
represent secondary flow streamlines. 
 
G.2 APPLICATION 
In addition to simple rectangular channels, secondary circulation of Prandtl’s second kind can also 
be found for cross-sections with abrupt spatial variations in boundary conditions such as sharp 
corners between bed and sidewall, between sidewall and free-surface (TOMINAGA and NEZU 
1991, UIJTTEWAAL 2014). If a lateral variation of near-wall velocity/boundary shear stress exists, 
secondary flows will be induced and non-uniform distribution of boundary shear stress may be 
observed. The magnitude of secondary flow does not increase with the size of the roughness, but 
instead depends on the non-uniform distribution of the roughness elements (YANG et al. 2012). 
In open channels, unstable and instantaneous secondary currents are present in the form of 
longitudinal vortices. Because of their unsteady character and lateral shifting, the main apparent 
feature of these vortical eddies is the presence of boils, called boils of the second kind, in the low-
speed areas associated with upwelling (JACKSON 1976, NEZU 2005). More stable secondary 
motion may be generated in cavity flow, as sketched in Figure G-3 (bottom right corner). In turn, a 
prediction of secondary motion in a ribbed channel may be derived based upon basic theory 
(GESSNER 1973, NAOT and RODI 1982, MONTES 1998). 
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Fig. G-3 - Predicted secondary circulation in an asymmetrical ribbed channel, looking downstream 
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APPENDIX H - COMMENT ON "UTILISING THE BOUNDARY LAYER TO 
HELP RESTORE THE CONNECTIVITY OF FISH HABITATS AND 
POPULATIONS": AN ENGINEERING DISCUSSION (BY H. CHANSON) 
 
The following is the manuscript of a Technical Discussion for the journal Ecological Engineering, 
submitted for publication in 2018. 
 
H.1 PRESENTATION 
During the last decades, concerns about the ecological impact of culverts on stream connectivity 
have led to some evolution in design (CHORDA et al. 1995, WARREN and PARDEW 1998, 
HOTCHKISS and FREI 2007). The impact in terms of fish passage may adversely affect the 
upstream and downstream eco-systems (BRIGGS and GALAROWICZ 2013). Common culvert fish 
passage barriers encompass perched outlet with excessive vertical drop at the culvert outlet, high 
velocities and turbulence in the barrel, debris accumulation at the culvert inlet, and standing waves 
in inlet and outlet (BEHLKE et al. 1991, OLSEN and TULLIS 2013, WANG et al. 2018). The 
authors (WATSON et al. 2018) presented a comparison between different wall apertures to improve 
upstream passage of small fish in culvert barrel. Implicitly the work was conducted for small water 
flow rates and not tested for culvert design discharges. The discusser has taught the hydraulic 
design of culverts to over 5,000 Australian civil engineers from 1990 to 2018 at the University of 
Queensland, and he wrote a number of book chapters on hydraulic design of culverts (CHANSON 
1999, CHANSON and FELDER 2017) and several review articles (CHANSON 2000, 2001, 2007). 
Based upon this experience and expertise, the discussion paper argues that the longitudinal beam 
design is not novel and has been applied before, the testing procedure was biased and the practical 
engineering design implications cannot be ignored. 
 
H.2 LONGITUDINAL BEAM DESIGNS IN A CONTEXT 
Channels with longitudinal beams have been studied for decades in chemical engineering, 
environmental and sanitary engineering, aeronautics, astronautics, biology and geology. Designs 
have been used for close to a century in water treatment plants (RANDTKE and HORSLEY 2012). 
Longitudinal beams along channel walls has been successfully tested for the enhanced rate of heat 
transfer (NAIK et al. 1999, CHANG et al. 2008), mass transfer (STAMOU 2008), and biological 
filtration (ROO 1965). Longitudinal ribs and beams are used in a number of stages of water 
treatment plants, e.g. maze flocculator, high-rate clarification tube settler, sedimentation basin with 
plate settlers, sludge clarifier (DEGREMONT 1979). Similar designs are incorporated into 
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stormwater treatment systems and combined sewers (FNDAE 1988). In alluvial channels, 
longitudinal troughs and ridges may develop along on the mobile bed with preferential sediment 
transport mode (NEZU and NAKAGAWA 1984, SHVIDCHENKO and PENDER 2001, 
CARLING et al. 2009). Small-size longitudinal beams can produce net drag reduction, with 
appropriate groove spacings (BUSHNELL and McGINLEY 1989, CHOI et al. 1993). The scales of 
fast swimming sharks have fine longitudinal ridges, enabling faster swimming (NITSCHKE 1983). 
A related application is the flow past seal fur, due to the streamwise fur pattern (ITOH et al. 2006). 
 
H.3 TESTING PROTOCOL INCOMPATIBLE WITH CULVERT DESIGN METHODS 
The tests of WATSON et al. (2018) were performed with a constant bulk velocity irrespective of 
the boundary treatment, e.g. smooth (control), ledge, beam, baffles. This approach is questionable 
because (a) the bulk velocity is not constant along the channel in presence of a free-surface, in 
response to energy losses, gravity effect and tailwater conditions, and (b) the bulk velocity is not an 
engineering design parameter. 
In a 12 m long 0.5 m wide channel, the bulk velocity may vary by more than 15% along the flume 
length, as shown in previous experiments (WANG et al. 2016,2018, CABONCE et al. 2017,2019) 
in the same channel used by the authors (WATSON et al. 2018). For an unit discharge q = 0.111 
m2/s, the data of CABONCE et al. (2019) showed  a bulk velocity increasing  from 0.64 m/s to 0.71 
m/s along the 12 m long flume with smooth (control) boundary, and from 0.54 m/s to 0.72 m/s with 
small triangular baffles. Furthermore, for a given bulk velocity at a fixed location, the water 
discharge changes in response to the boundary treatment and associated energy losses (ROUSE 
1938, CHOW 1959, HENDERSON 1966, STURM 2001). Basic hydraulic engineering calculations 
demonstrate that, in the same channel, the water flow rate increased by 10% to 25% from a smooth 
(control) condition to a triangular baffle treatment, to achieve the same bulk velocity. The rate in 
discharge increase being a function of the reference bulk velocity, sampling measurement location 
and tailwater conditions. 
In practice, the hydraulic design parameters of culvert are the water discharge and afflux (HERR 
and BOSY 1965, HEE 1969, Concrete Pipe Association of Australasia 1991,2012, CHANSON 
1999,2004). The design of fish-friendly culvert design requires biological data compatible to 
engineering design procedures and useable by professional engineers (KATOPODIS and GERVAIS 
2016, CHANSON and LENG 2018). A better suited methodology is the comparison of swimming 
performances between different boundary treatments with identical water discharge, as previously 
tested (WANG et al. 2016, CABONCE et al. 2018,2019). CABONCE et al. (2019) demonstrated 
conclusively some improved upstream traversability and endurance of juvenile silver perch 
(Bidyanus bidyanus) with small triangular corner baffles, compared to a smooth (control) channel 
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geometry, for a relatively large discharge (q = 0.111 m2/s). While a small fraction of small fish 
could be disoriented in the negative wake behind the baffle (CABONCE et al. 2018), the proportion 
of fish negotiating successfully the baffles were substantially larger than in the smooth-wall control 
flume. 
 
H.4 PRACTICAL CONSIDERATIONS OF LONGITUDINAL BEAMS - DESIGN, 
INSTALLATION, BLOCKAGE 
The longitudinal beam design might provide some striking result in terms of fish passage and 
behaviour for very-small water discharges in idealised laboratory conditions. Its implementation to 
hydraulic structure designs must however be carefully considered within the culvert engineering 
design, because the beam might impact on the culvert operation and performances at small, medium 
and large water discharges. 
The hydrodynamic motion in the longitudinal square beam channel leads to a complicated fluid 
dynamics. The strongest turbulence is generated in the corner regions, i.e. external and internal 
corners associated with the regions of sharpest curvature (PRANDTL 1952, GESSNER 1973), 
while their effects are seen in most parts of the channel. The complex turbulent flow motion has a 
marked effect on the flow resistance of the channel and in turn on the discharge capacity, as 
previously discussed (KENNEDY and FULTON 1965). 
A number of technical challenges encompass the manufacturing and installation of the beam, as 
well as operational considerations. The preferred manufacturing process of longitudinal beam 
channel would be in factory, to ensure that the beam position and alignment are within strict 
specifications. An in-situ fitting would not meet the same standards, leading possibly to a 
substantially different flow field, with adverse impact on the culvert operation and function. In-situ 
installation, e.g. for retrofitting, would only be feasible in relatively large culvert cells: i.e. greater 
than 1.5 m to 1.8 m. With the square beam, the sharp edges and corners constitute well-known 
hydrodynamic discontinuity, conducive of strong secondary currents (KENNARD 1967, 
VALLENTINE 1969, GESSNER 1973, CHANSON 2014). Any rounding of the edges or corner 
would modify significantly the turbulent flow field and culvert performances. The study considered 
0.050.05 m2 square beam, positioned 0.05 m above the floor. During operation, the cavity 
underneath the beam is at risk of siltation and sedimentation. The accumulation of solid particles 
could lead to a partial or complete blockage of the low velocity regions, because the cavity flow is 
too slow and below current guidelines for self-cleaning (QUDM 2013). Larger debris, including 
rocks, branches, trees, could also become jammed beneath the beam and ledge, obstructing the 
cavity and reducing further the culvert discharge capacity. 
Simply, the usage of longitudinal beam in culverts must be considered carefully in a holistic fashion 
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as part of the culvert design process. A number of practical considerations show major technical 
challenges during design, manufacturing, installation and operation. In many instances, alternative 
designs should be preferred and implemented. 
 
H.5 SUMMARY - AND WHAT ABOUT THE BOUNDARY LAYER? 
The paper's title stated some "utilisation of the boundary layer". How? A boundary layer is a flow 
region where the hydrodynamic properties are affected by boundary friction (SCHLICHTING 1979, 
BAILLY and COMTE-BELLOT 2015). The concept was first introduced by Ludwig PRANDTL 
(1904). In a culvert barrel channel, detailed hydrodynamic measurements showed that the flow is 
fully-developed and the boundary layer occupies the whole flow area (WANG et al. 2016,2018, 
CABONCE et al. 2017,2019). While all configurations tested by the authors (WATSON et al. 
2018) corresponded to some form of turbulent boundary layers, there were fundamental differences 
in the key hydrodynamic processes, that cannot be ignored. With a smooth channel (control), the 
dominant mechanism of energy dissipation is the boundary skin friction, with small secondary 
current of Prandtl's second kind in the bottom corners (EINSTEIN and LI 1956, RODRIGUEZ and 
GARCIA 2008). With small triangular baffles, the flow field is dominated by fluid streamline 
separation at the edge of each baffle (CABONCE et al. 2019), with a negative wake behind and boil 
of the first kind (SCHLICHTING 1979, NEZU 2005). In presence of longitudinal ledge and beam, 
strong secondary circulation of Prandtl's second kind occurs, linked to the development of large 
streamwise vortices (TAMBURRINO and GULLIVER 2007) and surface longitudinal streaks 
(LEVI 1965). The turbulence production induces boils of the first, second and third kind, including 
hairpin vortices (NEZU 2005). 
The interpretation of the turbulence typology is uppermost critical to a successful boundary 
treatment conducive to upstream passage of small-bodied weak-swimming fish. A precise 
knowledge of the entire three-dimensional velocity field is essential, because the rate of work and 
energy required by fish to thrust itself against the water discharge is proportional to the cube of the 
local fluid velocity, i.e. Vx3 (WANG and CHANSON 2018). In a box culvert barrel, low velocity 
zones occur next to the bottom and walls, as well as at the bottom corners, and these highly-
turbulent reduced velocity zones are the preferential swimming zones for small fish in box culverts, 
as shown by GARDNER (2006), WANG et al. (2016), CABONCE et al. (2017,2018,2019) and 
GOODRICH et al. (2018). An in-depth understanding of the turbulent flow hydrodynamics 
constitutes a core requirement to comprehend the fish-fluid interactions, and a pre-requisite for 
physically-based mitigation measures of the ecological impact of culverts in terms of upstream fish 
passage. Researchers cannot be complacent about turbulence because it is ubiquitous in the nature: 
"Turbulence is the most common, the most important and most complicated kind of flow motion" 
H-5 
(BRADSHAW 1971, p. xi) and "many of its seemingly simple questions remain unanswered" 
(SMITS and MARUSIC 2013, p.25). 
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